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ABSTRACT: As the recent global warming hiatus has attracted worldwide attention, we examined the robustness of the
warming hiatus in China and the related dynamical mechanisms in this study. Based on the results confirmed by the multiple
data and trend analysis methods, we found that the annual mean temperature in China had a cooling trend during the
recent global warming hiatus period, which suggested a robust warming hiatus in China. The warming hiatus in China
was dominated by the cooling trend in the cold season, which was mainly induced by the more frequent and enhanced
extreme-cold events. By examining the variability of the temperature over different time scales, we found the recent warming
hiatus was mainly associated with a downward change of decadal variability, which counteracted the background warming
trend. Decadal variability was also much greater in the cold season than in the warm season, and also contributed the most
to the previous accelerated warming. We found that the previous accelerated warming and the recent warming hiatus, and
the decadal variability of temperature in China were connected to changes in atmospheric circulation. There were opposite
circulation changes during these two periods. The westerly winds from the low to the high troposphere over the north of
China all enhanced during the previous accelerated warming period, while it weakened during the recent hiatus. The enhanced
westerly winds suppressed the invasion of cold air from the Arctic and vice versa. Less frequent atmospheric blocking during
the accelerated warming period and more frequent blocking during the recent warming hiatus confirmed this hypothesis.

Furthermore, variation in the Siberian High and East Asian winter monsoon season supports the given conclusions.
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1. Introduction

The global mean surface air temperature (SAT) has not
risen significantly since 1998, a phenomenon known as
the ‘warming hiatus’ (IPCC, 2013; Kosaka and Xie, 2013;
England et al., 2014; Meehl et al., 2014; Trenberth et al.,
2014; Dai et al., 2015; Guan et al., 2015; Steinman et al.,
2015). This warming hiatus has attracted great attention
worldwide and incited much debate about the theory of
human-induced global warming (IPCC, 2013). So far,
most studies have suggested that the warming hiatus was
mainly induced by internal climate variability, e.g. strong
negative-trend Pacific multidecadal variability (Stein-
man et al., 2015), the La Nifia-like cooling induced by
accelerated trade winds (Kosaka and Xie, 2013; England
etal., 2014), and a negative phase of the Pacific Decadal
Oscillation (PDO) and the Interdecadal Pacific Oscillation
(Meehl et al., 2014; Trenberth et al., 2014; Dai et al.,
2015), and the negative phase of North Atlantic Oscilla-
tion (Huang et al., 1998, 2006; Higuchi et al., 1999; Li
et al., 2013; Guan et al., 2015). From an energy balance
perspective, the hiatus was caused by more heat being
transported to deeper layers of the Atlantic Ocean and the
southern oceans (Chen and Tung, 2014). These studies
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indicate that the warming hiatus was mainly a result of
internally generated variability, and that the warming
induced by the external forcing, such as the increase in
greenhouse gases, never stopped (IPCC, 2013; England
et al., 2015; Roberts et al., 2015). Furthermore, the global
mean temperature in 2015 jumped to a very high level,
which made 2015 the warmest year in the period of
instrumental data (indicated by the updated observational
data sets: https://www.ncdc.noaa.gov/sotc/global/201513;
http://www.metoffice.gov.uk/news/releases/archive/2016/
2015-global-temperature; and http://www.giss.nasa.gov/
research/news/20160120/). This also indicated the
human-induced global warming never stopped. In addi-
tion, the external forcing, such as the reduction in the
emissions of ozone-depleting substances, and a reduction
in methane emissions, also were suggested to contribute
to the recent warming hiatus (Estrada et al., 2013). Some
studies doubted or claimed the ‘hiatus’, which suggested
the global warming did not pause, and the ‘hiatus’ was
unsupported by observations (e.g. Karl eral, 2015;
Lewandowsky et al., 2015). Meanwhile, some recent
studies also contradicted these claims (e.g. Fyfe et al.,
2016). Thus, there are debates on the global warming ‘hia-
tus’. However, for regional scales, such as the Northern
Hemisphere, Eurasian continents, and China, the warming
hiatus were more apparent (Duan and Xiao, 2015; Guan
etal.,2015; Li et al., 2015).

Some studies have suggested that China also experi-
enced the recent warming hiatus (Duan and Xiao, 2015; Li
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et al.,2015). As suggested by Li et al. (2015), the decrease
of maximum temperature has contributed most to the
decreases in overall mean temperature and in diurnal tem-
perature range during the warming hiatus period. However,
the Tibetan Plateau still showed the accelerated warm-
ing due to the cloud-radiation feedback (Duan and Xiao,
2015). In the Northern Hemisphere, the recent hiatus was
reversed from the previous accelerated warming period,
an effect that was probably related to circulation changes
(Huang et al., 2012; Wallace et al., 2012; He et al., 2014;
Guan et al., 2015; Huang et al., 2016a). Besides, Arc-
tic warming and sea ice decline were also suggested as
influencing factors for the recent cold winters in Eurasia
and North America (Cohen et al., 2014; Mori et al., 2014;
Screen and Simmonds, 2014; Xie et al., 2015).

However, some important aspects of the hiatus in China
are still unclear, such as whether the hiatus in China
was associated with an increase in extreme-cold weather
events and by the internal climate variability. Therefore,
we examined the seasonal features and robustness of
the hiatus in China. We studied how daily temperatures
changed during the hiatus, and the contribution made by
the extreme-cold events to the hiatus. We also examined
the temperature variability in China over different time
scales. In addition, we explored the dynamical mecha-
nisms about how the temperature in China changed from
the previous accelerated warming to recent hiatus.

This article is arranged as follows. The details of the data
sets and the methodologies used are given in Section 2.
In Section 3, we discuss the seasonal and spatial features
of temperature change in China. The connection between
the extreme-cold events and the hiatus are presented in
Section 4. Section 5 discusses the variability of the temper-
ature changes in China over different time scales. Section 6
examines the dynamical mechanisms of the recent warm-
ing hiatus and the previous accelerated warming in China.
Conclusions and discussions are presented in Section 7.

2. Data and methods

2.1.

We used monthly mean SAT data from the Climatic
Research Unit (CRU) Time Series data set (version 3.23),
which was provided by the University of East Anglia (Har-
ris et al., 2014). The data covered the period from 1901
to 2014 and had a resolution of 0.5° x 0.5° (Harris et al.,
2014). The monthly and daily mean SAT data from the
regular surface meteorological observations were provided
by the China Meteorological Administration (CMA), and
covered the period from 1951 to present. The monthly
CMA SAT data had 756 observation sites. The daily CMA
SAT data came from version 3.0, and had 824 observation
sites. In addition, all of the sites with missing values during
the studied period were removed.

Temperature

2.2.  Circulation data

The wind speed and geopotential height (GPH) data
were taken from the National Centers for Environmental
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Prediction-Department of Energy (NCEP-DOE) Reanal-
ysis II (Kanamitsu ef al., 2002), and European Centre
for Medium-Range weather Forecasts reanalysis
(ERA)-interim (Dee efal., 2011) data sets. The two
data sets have a resolution of 2.5° X 2.5°, and include the
period from 1979 to present. However, the ERA-interim
data set has many different resolution choices. The sector
and local blocking frequencies were calculated using
daily 500-hPa GPH data same as the study conducted
by D’Andrea et al. (1998). The sea level pressure data
were taken from ERA-20C (Hersbach er al., 2015) and
ERA-interim (Dee et al., 2011) data sets. The ERA-20C
data had a resolution of 2.5° X 2.5°, and was for the period
1900-2010. The ERA-20C and ERA-interim data sets
were merged into a longer sea level pressure data from
1900 to present, and the data for 1979-2010 period was
their average. The Siberian High intensity index was
calculated using monthly mean sea level pressure data as
described by Gong et al. (2001), which was a regionally
averaged sea level pressure over regions (40°—60°N,
70°—~120°E). The East Asian winter monsoon (EAWM)
intensity index was also calculated using monthly mean
sea level pressure data as described by Wang and Chen
(2014), which takes into account both the east—west and
the north—south pressure gradients.

2.3.

Besides the monthly mean state of temperature, we also
examined daily extreme weather events. To quantify the
degree of the extremeness, we divided the cold events into
three levels. First, the daily SAT anomalies relative to the
corresponding monthly mean SAT were calculated using
CMA daily SAT data. Second, the standard deviations of
the daily SAT across each month were calculated. Finally,
the days with negative SAT anomalies, and with absolute
values >1.5, between 0.5 and 1.5, and <0.5 times the
standard deviations for the corresponding month were
defined as the coldest, extreme-cold, and moderate-cold
events. The number of days, the mean SAT anomalies,
and the sum of the SAT anomalies for the days that were
identified as including in the three different levels of cold
events for every month were calculated separately. Finally,
these three variables for the cold season (November to the
following March) were calculated for each year.

Cold weather events

2.4. Ensemble empirical mode decomposition

We used the ensemble empirical mode decomposition
(EEMD) method in our study. EEMD is an adaptive
one-dimensional data analysis method, which is tempo-
rally local and therefore can reflect the nonlinear and
non-stationary nature of climate data. Climate variabil-
ity can be split into different oscillatory components with
intrinsic timescales, including interannual, decadal, and
multidecadal extents. The steps of the EEMD method that
we followed were taken from Ji et al. (2014). In the EEMD
calculation as outlined by Ji ef al. (2014), the noise added
to data had an amplitude that was 0.2 times the standard
deviation of the raw data, and the ensemble number was

Int. J. Climatol. 37: 1758—1773 (2017)



1760 Y. XIE et al.
(@) JcRU ‘ @ CRULSE  @CMA&LSE
1.0 - Anfitil Moo A g i O CRU & MK O CMA&M-K
i © Trend (°C/decade)
9,"_), 05 _E Cold season ' _ 0.2
S 0.0
5 3 -+ 0
k] r
@ -0.5 —
] °
] =5 T ¢ 0.2
-1.0 ] T T ® O
<
T T T T I T T 1 T T I T 1 l T T T I T T T T l ' T T T I T T &
° (0] [ X J ° 0.4
() ]cma TR | {
= ; i 0 =] [ =
1.0 H | 1 e 0.6
: ' <
O 05+ o 1
é‘- E L ] = _0.8
S 00 ¢
© 48
I_ -4
5 -05 .__.‘ I -1.0
-1.0
. -1.2
I I s RO N o e R e R Dt e LA Y B I S A i 1980-1998 1998-2013
1980 1985 1990 1995 2000 2005 2010
Year

Figure 1. (a) Surface air temperature (SAT) anomaly time series averaged over China relative to the 1981-2010 reference period from the Climatic
Research Unit (CRU) database. The solid lines are the linear trend lines based on the least squares estimator (LSE) for 1998—2013 for warm and
cold season respectively, and the corresponding thick dashed lines are results from Mann—Kendall method (M—K). The shaded area indicates the
recent warming hiatus period 1998-2013. The warm season is from May to September, and the cold season is from November to the following
March. (b) Same as (a) but for results from China Meteorological Administration (CMA) dataset. (c) The SAT linear trends for 1980—1998 and
1998-2013, respectively. The solid and open circles represent the results from the LSE and M—K methods using the CRU dataset, respectively, and
the corresponding rhombuses represent results from CMA dataset. The vertical bars indicate the trends are significant at 90% confidence level, and
the ranges of vertical bars represent the corresponding confidence intervals at 90% confidence level (for details about the significance test methods
see Section 2.5). The trends for 1980—1998 are all positive, but have been multiplied by —1 to simplify the figure. [Colour figure can be viewed at

wileyonlinelibrary.com].

400. The number of intrinsic mode functions was six. A
MATLAB EMD/EEMD package with the above stoppage
criteria and end treatments is available for download at
http://rcada.ncu.edu.tw/research1.htm (Wang et al., 2014).

2.5.

We used simple linear regression method that based on
least squares estimator (LSE) to calculate the trend. The
corresponding significance and confidence interval were
estimated by using the two-tailed Student’s #-test. Further-
more, we also used the Mann-Kendall (M-K) method
(Mann, 1945; Kendall, 1948) to confirm the results from
the simple LSE method. M—K method has been suggested
to perform better than LSE especially for the data that
are not normally distributed and include extreme values
(Wang and Swail, 2001). To avoid the influences of the
autocorrelation on significance test (Lee and Lund, 2004),
we used the ‘prewhiten’ method as conducted by Wang
and Swail (2001). We performed the same procedures of
M-K method as described in ‘Appendix A’ of Wang and
Swail (2001). As homogeneity of data is important for

Methods of the trend calculations
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trend analyses, we therefore compared our results with the
work by Li et al. (2015) that used the homogenized tem-
perature data in China (Li et al., 2009; Xu et al., 2013).
The results showed that the spatial patterns of the temper-
ature trends from Li et al. (2015) were consistent with our
results.

2.6. Climate indexes

The Nifio 3.4 index is the sea surface temperature (SST)
averaged over (5°S—5°N, 170°-120°W), available from
http://www.esrl.noaa.gov/psd/data/correlation/nina34.
data. The PDO index is derived as the leading principal
component of monthly SST anomalies in the North Pacific
Ocean, poleward of 20°N with the monthly mean global
average SST anomalies are removed, available from http://
research.jisao.washington.edu/pdo/PDO.latest.

3. SAT evolution in China

Figure 1 shows the SAT evolution in China from 1980
onward taken from CRU and CMA data sets respectively.

Int. J. Climatol. 37: 1758—1773 (2017)
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Figure 2. (a) SAT trends in China for 1998-2013 during the warm seasons from the CRU dataset. The numbers are the area weighted mean trends for
the warming (positive trends) and cooling (negative trends) regions, respectively. The numbers in the brackets are the areal percentages of warming
and cooling regions relative to the total area of China, respectively. The trends were calculated using the simple linear regression based on the LSE
method. The black dots represent the trends are significant at 90% confidence level. (b) Same as (a) but for results from the CMA dataset. The solid

circles represent the trends are significant at 90% confidence level. (c), (d)
using the M—K method is presented in the Supporting Information as

As shown in Figure 1(a) and (b), China has been experi-
encing an apparent warming hiatus since 1998. However,
the hiatus is more significant during cold seasons than
during warm seasons (Trenberth et al., 2014; Duan and
Xiao, 2015; Guan et al., 2015; Li et al., 2015). As a result,
the cold seasons have experienced an apparent cooling
trend since 1998, while there have still been weak warm-
ing trends during the warm season (Figure 1(a) and (b)).
Both CRU data and CMA data gave the same results. Fur-
thermore, the SAT switched from a previously accelerated
warming period to a recent warming hiatus. Figure 1(c)
shows the trends of the mean SAT in China for 1980—1998
and for 1998-2013 respectively. For simplicity, the posi-
tive trends for 1980—1998 in Figure 1(c) were multiplied
by —1 to change the values to negative values. As shown
in Figure 1(c), the temperature in China showed signifi-
cant warming trends, and the warming trends during the
cold seasons were much larger than during the warm sea-
sons for 1980—1998. For 1998—-2013, the temperature for
annual and cold season showed cooling trends, although
which were only significant for the CRU data set and using
the LSE method. However, these were enough to indi-
cate a slowdown of the warming trends in China, and the

© 2016 Royal Meteorological Society

Same as (a), (b) but for the cold seasons. Note that the same figure but for
Figure S1. [Colour figure can be viewed at wileyonlinelibrary.com].

warming hiatus indeed existed in China (Li et al., 2015).
For both the accelerated warming period and the recent
warming hiatus period, the SAT changes during the cold
seasons made the greatest contributions to the SAT trends
(Figure 1(c)). The differences between the CRU and the
CMA data in Figure 1 were mainly induced by the varied
resolutions of the CMA data over different regions.
Figure 2 shows the spatial patterns of the SAT trends
during the hiatus period for the warm and cold seasons.
As shown in Figure 2(a) and (b), many regions still expe-
rienced the warming trends during the warm seasons.
The warming regions occupied 55 and 67% of the total
area in the CRU and CMA data sets, respectively, and
the mean warming trends were larger than the cooling
trends for both data sets (Figure 2(a) and (b)). The regions
with the greatest warming rates during the warm seasons
were northeastern China and the Tibetan Plateau. During
the cold season, most of the regions experienced cooling
trends, and the cooling regions occupied 88 and 84% of
the total area in the CRU and CMA data sets, respectively
(Figure 2(c) and (d)). In addition, the mean cooling trends
were much larger than the warming trends during the cold
seasons. Same as Duan and Xiao (2015) suggested, the

Int. J. Climatol. 37: 1758—1773 (2017)
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Figure 3. (a) Time series of the number of days with three levels of cold events in China during the cold seasons. The solid lines are the linear
trend lines based on the LSE method for 19982013, while the corresponding thick dashed lines are results from M—K method. The numbers out
or in the brackets represent the values of trends from LSE and M—K methods, respectively. The asterisk represents the trend is significant at 90%
confidence level. The shaded area indicates the recent warming hiatus period 1998—2013. The three levels of cold events were defined based on
the daily temperature. The days with negative SAT anomalies and absolute values greater than 1.5, between 0.5 and 1.5, and less than 0.5 times
the standard deviations for the corresponding month were defined as coldest, extreme-cold, and moderate-cold events (for details see Section 2.3).
Note that the climatology of the days for the coldest, extreme-cold, and moderate-cold events for 1981-2010 were 10, 39, and 27, respectively.
(b) Same as (a) but for the mean SAT for the three kinds of cold events. (c) Same as (a) but for the sum of the SAT anomalies for the three kinds of
cold weather events. [Colour figure can be viewed at wileyonlinelibrary.com].

Tibetan Plateau showed obvious warming trends for both
warm and cold seasons. The same conclusions were indi-
cated by Figure S1 in the Supporting Information, which
used the M—K method to calculate the trends.

4. The contribution of cold weather events

Figure 3 shows the evolution of the number of days, mean
SAT anomalies, and the sum of the SAT anomalies for
the three levels of cold weather events during the cold
seasons, as well as details about the methods discussed
in Section 2.3. Among the three levels of cold weather
events, the extreme-cold event is more representative,
because the coldest event is too extreme and rare, and the
moderate-cold event is weak as a kind of extreme events.
The climatology of the days for the coldest, extreme-cold,
and moderate-cold events during 1981-2010 were 10, 39,
and 27, respectively. As shown in Figure 3(a), the num-
ber of coldest days decreased slightly, and the number
of the moderate-cold days increased slightly. However,
the number of extreme-cold days increased apparently.
Meanwhile, the mean SAT decreased for all three lev-
els of cold events, and the mean SAT of extreme-cold

© 2016 Royal Meteorological Society

events decreased the most (Figure 3(b)). Therefore, the
increased numbers of extreme-cold events and its largest
cooling trends of mean SAT values together made the
greatest contributions to the recent warming hiatus in
China (Figure 3(c)). The moderate-cold events also con-
tributed to the recent cooling during the cold seasons in
China (Figure 3(c)). However, because the number of cold-
est days decreased, the coldest events contributed little to
the hiatus (Figure 3(c)).

Figure 4 shows the spatial patterns of the contributions
of the three levels of cold events to the SAT trends during
the recent warming hiatus. As shown in Figure 4(a), there
was an almost equal amount of warming contribution
and cooling contribution from the coldest events, and
the magnitude of the contributions was also relatively
weaker than the other two kinds of cold events. Although
the mean SAT of the coldest events decreased in many
regions, the number of days decreased at the same time, so
many regions showed warming contributions (Figure 5(a)
and (b)). Both extreme- and moderate-cold events showed
a cooling contribution in most regions. However, the
extreme-cold events had larger magnitudes than the
moderate-cold events in many regions than moderate-cold

Int. J. Climatol. 37: 1758—1773 (2017)
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Figure 4. (a) The linear trends of the sum of the SAT anomalies for the coldest events from 1998 to 2013 in China during the cold seasons. The

trends were calculated using the simple linear regression based on the LSE method. The solid circles represent the trends are significant at 90%

confidence level. (b) and (c) are same as (a) but for extreme-cold and moderate-cold events, respectively. Note that the same figure but for using the
M-K method is presented in the Supporting Information as Figure S2. [Colour figure can be viewed at wileyonlinelibrary.com].

events, especially in northern China (Figure 4(b) and (c)).
The mean SAT in most regions showed cooling trends
for both extreme- and moderate-cold events (Figure 5(d)
and (f)). However, the number of days with extreme-cold
events increased apparently more than the number of days
with moderate-cold events, especially for the central and
southeastern regions of China (Figure 5(c) and (e)). The
same conclusions were indicated by Figures S2 and S3 in
the Supporting Information, which used the M—K method
to calculate the trends.

5. Variability of temperatures over different time
scales

To examine the evolutions of temperatures in China in
depth, we decomposed the time series of SAT into different

© 2016 Royal Meteorological Society

time scales using the EEMD decomposition method (for
details about the EEMD method, see Section 2.4). The
decomposed SAT time series were divided into three time
scales including interannual variability, decadal variabil-
ity, and long-term trends. The interannual variability is
the sum of the first and second intrinsic mode functions
from EEMD decomposition. The decadal variability is
the sum of the third to fifth intrinsic mode functions.
The long-term trend is the sixth intrinsic mode function.
Figure 6 shows the interannual variability, decadal vari-
ability, and long-term trends of the annual mean SAT
anomalies in China. As shown in Figure 6, the annual
mean SAT in China showed obvious large interannual
and decadal variability, as well as significant background
long-term warming trends. For the recent warming hiatus
period, decadal variability showed a significant cooling

Int. J. Climatol. 37: 1758—1773 (2017)
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Figure S3. [Colour figure can be viewed at wileyonlinelibrary.com].

trend, which was corresponding to the warming hiatus
(Figure 6). The interannual variability has little influence
on trends in decadal scale, although the interannual vari-
ability showed a weak cooling trend during the recent
warming hiatus (Figure 6). As shown in Figure 6, for any
decade, the magnitudes of the SAT changes in China
induced by the decadal variability may be comparable
with, or even larger than, the background warming trends
(Trenberth, 2015).

Figure 7 shows the interannual variability, decadal vari-
ability, and long-term trends of the mean SAT in China
for the warm and cold seasons, respectively. As shown
in Figure 7, the amplitude of the interannual variability in
the cold seasons was greater than in the warm seasons,
which indicates the greater influence of atmospheric cir-
culation variability on SAT during cold seasons (Wallace
et al.,2012). Regarding decadal variability, the cold season

© 2016 Royal Meteorological Society

showed quite a large cooling trend during the recent warm-
ing hiatus, while the warm season changed little (Figure 7).
The long-term warming trend for the cold seasons was
also greater than for the warm seasons. Additionally, the
decadal variability for the cold seasons also showed a
greater warming trend than did the warm seasons during
the previous accelerated warming period. Therefore, the
temperature in cold seasons experienced larger decadal
changes during both the previous accelerated warming
and the recent warming hiatus than did the warm seasons
(Figure 7).

The hiatus was mainly the result of the downward
decadal variability counteracted the background warming
trend, while the accelerated warming was a result of the
upward decadal variability in combination with the back-
ground warming trend (Figures 6 and 7). Figure 8 shows
the spatial patterns of the SAT trends for 1980—1998 in

Int. J. Climatol. 37: 1758-1773 (2017)
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Figure 7. Same as Figure 6 but for warm and cold seasons, respectively.
[Colour figure can be viewed at wileyonlinelibrary.com].

both warm and cold seasons. As shown in Figure 8, the
warming trends during the cold seasons were much greater
than during the warm seasons for the accelerated warm-
ing period. For the warm seasons, the warming regions
accounted for 55 and 85% of the total area for the CRU
and CMA data, respectively, and the mean warming trends
were slightly greater than the cooling trends. However,
almost all of the regions in China experienced warming
trends during the cold seasons except for 0.3 and 2%
cooling regions for CRU and CMA data, respectively.
The same conclusions were indicated by Figure S4 in the
Supporting Information, which used the M—K method to
calculate the trends. In addition, as the background trends
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of SAT were positive (Figures 6 and 7), the SAT trends
were almost uniformly warming during the previous accel-
erated warming period when the positive trends induced
by upward decadal variability combined with the back-
ground positive trends (Figure 8). However, the SAT trends
during the warming hiatus period were not uniformly neg-
ative (Figure 2), because the negative trends induced by
the downward decadal variability were not larger than the
background positive trends in some regions.

6. Dynamics from accelerated warming to warming
hiatus

The previous accelerated warming and the recent warming
hiatus in China were both primarily corresponding to the
downward decadal variability of temperature during cold
seasons (Figures 6 and 7). A key question, therefore, is
what are the dynamic mechanisms behind the decadal vari-
ability of temperature in China. The surface solar radiation
in China experienced the transition from solar dimming
to a levelling-off circa 1990 (Wang and Dickinson, 2013;
Wang and Yang, 2014; Folini and Wild, 2015; Lin et al.,
2015), which indicated that the surface solar radiation
changed little during the recent warming hiatus period. We
therefore focused on the influences of large-scale advec-
tion and air masses changes on the temperature changes in
China. We first examined large-scale circulation changes.
Figure 9 shows the evolution of 500-hPa circulations dur-
ing the cold seasons for both the previous accelerated
warming period and the recent warming hiatus period.
The climatology of the turning period 1994—2003, and the
trends for both 1980-1998 and 1998-2013 are shown in
Figure 9. As shown in Figure 9(a), China was under the
background of westerlies circulation, and influenced by
the East Asia deep trough. For the previous accelerated
warming period, a general figure is the opposite change
between the high-latitude and the mid-latitude GPH. In
this context, the general figure induced the stronger merid-
ional GPH gradients and correspondingly stronger west-
erly winds over the North of China regions (Figure 9(b)).
However, the opposite situation with weakened meridional
GPH gradients and westerly winds over the North of China
occurred during the recent warming hiatus (Figure 9(c)).
The enhanced westerly winds over the North of China can
suppress the invasion of cold air from the Arctic, and as
a result, the accelerated warming occurred, and vice versa
for recent warming hiatus.

Figure 10 shows the evolution of the vertical profiles of
the zonal winds, averaged across the 75°—135°E regions.
The climatology for 1994-2003 and the trends for both
the 1980—1998 and 1998-2013 periods are shown in
Figure 10. As shown in Figure 10(a), China was influenced
by westerly winds from the surface to the upper tropo-
sphere, and by a strong westerly jet around 30°N in the
upper troposphere. The westerly wind speed increased
during the previous accelerated warming period over
40°—65°N regions, especially in the middle to upper
troposphere (Figure 10(b)). However, the speed of the
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westerly winds decreased during the recent warming hia-
tus (Figure 10(c)), which is the opposite of what occurred
during the previous accelerated warming period.

The stronger westerly winds over the North of China
can suppress the southward cold air from high-latitudes
to invade China and the formation of atmospheric block-
ing, and vice versa for the weaker westerly winds. So
we also examined the changes in atmospheric blocking.
Figure 11 shows the evolution of the blocking frequency
in China. The time series for both the sector blocking
frequency and the local blocking frequency were calcu-
lated using the method of D’Andrea et al. (1998) and
are presented in Figure 11. As shown in Figure 11(a),
the sector blocking frequency in China decreased dur-
ing the accelerated warming period and increased dur-
ing the recent warming hiatus. In turn, the SAT in China
increased with the decreasing blocking but decreased with
the increasing blocking. The local blocking frequency in
the 70°—140°E regions also decreased for almost all of the
longitudes from the beginning high frequency to a mini-
mum frequency, and then increased during recent warming
hiatus (Figure 11(b)). The increased frequency of block-
ing in China also explains the increase in extreme- and
moderate-cold weather events during the recent warming
hiatus, as shown in Figures 3—5. The opposite changes in
the blocking frequency confirm the opposite circulation
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changes for the previous accelerated warming period and
the recent warming hiatus period.

We also examined the Siberian High and EAWM,
because they influence the climate in China, especially
during the cold seasons (Gong et al., 2001; Wang and
Chen, 2014). Figure 12 shows the time series of Siberian
High and EAWM intensity indexes for the means from
December to the following February. The Siberian High
intensity index was defined same as the index defined by
Gong et al. (2001), and the EAWM intensity index was
defined same as the index defined by Wang and Chen
(2014). As shown in Figure 12(a), the Siberian High has
large interannual variability and obvious decadal vari-
ability. The Siberian High intensity showed a decreasing
trend during the previous accelerated warming period and
an apparent increasing trend during the recent warming
hiatus (Figure 12(a)). The EAWM showed a more obvious
weakened trend during the previous accelerated warming
period and an enhanced trend during the recent warming
hiatus (Figure 12(b)). As the Siberian High and EAWM
were highly correlated, they showed similar variation.
Thus, changes in both Siberian High and EAWM con-
firmed the connection of the accelerated warming and the
warming hiatus with atmospheric circulation changes.

Many studies suggested the important influences of
the Pacific’s variability on the recent warming hiatus
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(Kosaka and Xie, 2013; England et al., 2014; Meehl
etal., 2014; Trenberth et al., 2014; Dai etal., 2015).
Some discussions about the Pacific’s influences on the
recent warming hiatus in China were also performed. As
suggested by Trenberth ef al. (2014), the PDO and El
Nifio/Southern Oscillation (ENSO) influence extratropical
regions through the Rossby waves, as well as, the corre-
sponding upper tropospheric teleconnection wave patterns.
We therefore explored the PDO and ENSO’s influences
on upper tropospheric circulation. Figure 13 shows the
spatial pattern of the correlation coefficients between the
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PDO, Nifio 3.4 indexes, and the 200-hPa zonal winds,
respectively. The PDO’s correlation patterns with 200-hPa
zonal winds were similar with that of ENSO, but the ENSO
shows stronger correlations than PDO, especially a signifi-
cantly correlated centre presented in China (Figure 13(b)).
As a consequence, the PDO shows no significant influ-
ences on zonal winds over the regions of East Asian
westerly jet represented by the green line and pentagram
(Figures 13(a) and S5). The ENSO shows negative corre-
lations significant at 99% confidence level over the regions
of westerly jet around Japan, but it was also not a very
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strong correlation (Figure 13(b)). The PDO and ENSO’s
influences on westerly jet therefore were not significant
during the recent warming hiatus. For both PDO and
ENSO, there was an obvious wave pattern from tropical
Pacific to extratropical Pacific similar with Trenberth et al.
(2014). For ENSO, there was also another wave pattern
originated from the tropical Indian Ocean across China
(Figure 13(b)). Thus, a possible way of ENSO’s influence
on China is from tropical Pacific to the Indian Ocean,
and then from the Indian Ocean to China. In addition,
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both the PDO and ENSO were suggested to influence the
EAWM, especially for the interdecadal variability (Zhou
etal., 2007; Wang et al., 2008; Chen et al., 2013; Ding
et al., 2014), which suggested the possible connections
between the enhanced EAWM during the recent warm-
ing hiatus with the La Nifia phase of ENSO and negative
phase of PDO. However, as the PDO and ENSO’s influ-
ence on China was quite complex, the more robust and
clearer conclusions could be achieved only by more stud-
ies concerning the explicit dynamical mechanisms, such as
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the studies by using the simulations from coupled climate
models.

7. Conclusions and discussions

Using the CRU grid data and CMA regular surface mete-
orological observations, we showed the robustness of the
warming hiatus that occurred in China. This warming
hiatus was mainly induced by the cooling trend during
the cold seasons. Furthermore, it was an accelerated
warming period before the recent warming hiatus, which
also mainly occurred during the cold seasons. In addi-
tion, further analyses about the daily temperature change
were performed to examine the contribution of cold
weather events to mean temperature changes in China. We
divided the cold events into three levels with the strength
from high to low, denoted as coldest, extreme-cold,
and moderate-cold events. We found that there were
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more extreme- and moderate-cold events, and the for-
mer increased the most, while there were less coldest
events. The mean temperatures for all three kinds of cold
events decreased during the warming hiatus period, but
decreased most for the extreme-cold events. Therefore,
the extreme-cold events contributed the most to the recent
warming hiatus, though the moderate-cold events also con-
tributed significantly. However, the coldest events showed
little contribution. The number of the extreme-cold events
increased in most regions in China, especially in the
central and southeastern regions during the warming
hiatus period, while the number of moderate-cold events
increased mainly in the northeastern regions. The mean
temperature decreased in most regions for both extreme-
and moderate-cold events during the warming hiatus
period. Thus, the extreme- and moderate-cold events had
cooling contributions in most regions in China.

We examined the variability of temperatures in China
over different time scales using the EEMD method. The
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temperatures in China showed large decadal variability
and interannual variability, and the decadal variability
showed large warming or cooling trends at the decadal
time scale, which was comparable with the background
long-term warming trend. The recent warming hiatus was
mainly corresponding to the downward change of decadal
variability, which counteracted the background warming
trend. Decadal variability also contributed greatest to the
previous accelerated warming period, which was induced
by the upward decadal variability in combination with the
background warming trend. The decadal variability was
greater for the cold seasons than for the warm seasons.
The previous accelerated warming period and the recent
warming hiatus period were both mainly associated with
decadal variability during the cold seasons.

To examine the dynamic mechanisms responsible for
the previous accelerated warming and the recent warming
hiatus, we analysed the middle troposphere atmospheric
circulations and the vertical profiles of zonal winds, atmo-
spheric blocking, and Siberian High and EAWM. There
were opposite changes in the atmospheric circulations for
the previous accelerated warming and the recent warm-
ing hiatus periods. The westerly winds over the North
of China at 500-hPa were significantly enhanced dur-
ing the previous accelerated warming period, while they
were weakened during the recent warming hiatus. The
vertical profile of the zonal winds also showed enhanced
trends over the North of China from low to high tropo-
sphere during the accelerated warming period, while they
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were weakened during the recent warming hiatus. These
enhanced westerly winds can suppress the invasion of cold
air from the Arctic, and vice versa with respect to the
weakened westerly winds. Indeed atmospheric blocking
in China regions decreased during the previous acceler-
ated warming period, but became more frequent during
the recent warming hiatus period. The variation of atmo-
spheric blocking also explained the increased frequency
of the extreme- and moderate-cold events in China during
the warming hiatus period. In addition, the variation of the
Siberian High and EAWM also showed weakened trends
during the previous accelerated warming period, but obvi-
ously enhanced trends during the recent warming hiatus
period.

We showed that both the previous accelerated warming
period and the recent warming hiatus in China were mainly
associated with the decadal variability, which is related to
atmospheric circulation changes. However, as most studies
on the subject suggest, the recent global warming hiatus
was mainly induced by internal climate variability (Chen
and Tung, 2014; Meehl et al., 2014; Dai et al., 2015; Guan
et al., 2015; Steinman et al., 2015), especially the decadal
variability of the Pacific ocean (England et al., 2014; Dai
et al., 2015; Steinman et al., 2015). Therefore, the atmo-
spheric circulation in China may also remotely connected
with other internal climate variability modes, such as the
variability over the Pacific, Atlantic, and Arctic ocean
(Shabbar et al., 2001; Wu and Wang, 2002; Huang et al.,
2006; Park et al., 2010; Cheung et al., 2012; Jiang et al.,
2014; Kim et al.,2014; Guan et al., 2015; Xie et al., 2015).
For China, the PDO and ENSO were suggested to influ-
ence the EAWM especially for the interdecadal variability,
and these influences were also modulated by the Arctic
Oscillation (Zhou et al., 2007; Wang et al., 2008; Chen
et al., 2013; Ding et al., 2014). In addition, as suggested
by He et al. (2014), the land—sea thermal contrast signifi-
cantly influenced the atmospheric circulations and block-
ing. Mori et al. (2014) suggested that Arctic sea ice also
influenced Eurasian atmospheric circulations and block-
ing. Thus, the explicit influences from PDO, ENSO, or
Arctic on China and the corresponding dynamical mecha-
nisms should be explored in future studies.

Furthermore, the external forcing associated with the
reductions in the anthropogenic emissions also were sug-
gested to contribute to the recent global warming hiatus
(Estrada et al., 2013). In China, the surface solar radi-
ation experienced the transition from solar dimming to
levelling-off circa 1990 (Wang and Dickinson, 2013; Wang
and Yang, 2014; Folini and Wild, 2015; Lin et al., 2015),
which suggested that the direct solar radiation changes
were probably contributed little to the recent warming hia-
tus in China. The SST-forced reduction of cloud cover
was suggested to contribute most to the ceasing of solar
dimming around 2000 (Folini and Wild, 2015). However,
there are some connections between the aerosols and the
atmospheric circulations (Li et al., 2011; Lin et al., 2015;
Zhang et al., 2016), and the aerosols also can influence
the regional SST, such as over the North Pacific (Yeh
et al., 2013). The aerosols were also suggested to have
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large influences on temperature in China for the regional
scales (Su ef al., 2008; Liu et al., 2013; Bi et al., 2014,
Huang er al., 2014; Liu et al., 2014, 2015; Huang et al.,
2016b). In addition, the cloud-radiation feedback was sug-
gested to have induced enhanced warming over the Tibetan
Plateau during the recent warming hiatus (Duan and Xiao,
2015). Therefore, the radiative forcing associated with the
aerosols and cloud, and their possible influences on the
atmospheric circulations in China should also be examined
in future studies.
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Figure S5. Climatology of the 200-hPa zonal winds during
the winter (December to the following February) for the
period 1981-2010. Note that the results are the mean of
the ERA-interim and NCEP II data sets.
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