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ABSTRACT: Changes in maximum and minimum temperature (T max and T min ) are analysed to assess the regional extent
of global warming in Xinjiang autonomous region, China, for the period of 1961–2015. Two nonlinear, non-stationary
signal-processing methods – the Bernaola-Galván algorithm and the ensemble empirical mode decomposition method – are
applied on daily time series of observations from 53 meteorological stations. Statistically significant abrupt change points are
identified in 1996 in both annual T max and T min time series averaged for the whole province, while another one is identified in
1976 in the annual T min time series only. At local scale, most stations experience one abrupt change point in annual T max in
the 1990s, but two or three change points in annual T min , mainly in the 1980s and 1990s. After the abrupt change points, the
frequency and probability density of T max in summer and T min in winter are skewed towards the hotter part of the probability
distribution. It is found that the hot temperature extremes in summer occur concurrently with El Niño events. Further results
suggest that anomalies in geopotential height at 500 hPa can be associated with the hottest and coldest months. The key regions
of the anomalies are over the east of the Ural Mountains and the North Atlantic, while the geopotential height anomalies over
Greenland and the east of the Ural Mountains are closely related to the hot and cold spells.
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1. Introduction
There is a broad consensus that global warming will
increase the climate variability, and the frequency and
intensity of extreme events (Rahmstorf and Coumou,
2011; IPCC, 2013; Morak et al., 2013; Otto, 2016). Due
to the potentially high social, economic, and ecological
impacts of temperature extremes, a large number of studies
concentrated on the analysis of fluctuations of observed
and simulated maximum and minimum temperatures
(T max and T min ) over the past two decades (Easterling
et al., 1997; Lobell et al., 2007; Tingley and Huybers,
2013). Overall, these studies confirm an asymmetric
trend in T max and T min during the 20th century in most
regions of the world. These studies mainly focus on the
climatic regions at continental scale (Bonsal et al., 2001;
Klein Tank et al., 2006; Barriopedro et al., 2011; Donat
et al., 2014; Alexander, 2016). Little research has been
dedicated to the changes in temperature extremes in the
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arid region of Central Asia. Only recently, variations and
trends in temperature extremes have been investigated by
Yang et al. (2008) and Hu et al. (2016). For the period
1960–2003, Wang et al. (2013a) found that temperature
indices show significant changes in the arid region of
northwest China before and after 1986. Similarly, Chen
et al. (2014) concluded that both temperature and precipitation extremes in northwest China occurred around
1986. However, based on the ensemble empirical mode
decomposition (EEMD) method, Bai et al. (2015) argued
that the reconstructed inter-decadal variability revealed
that the climate mode in Xinjiang had a significant transformation before and after 1995, namely the temperature
anomaly shift from a negative phase to a positive one.
Several studies have investigated this linkage between
circulation and temperature extremes using a variety of
statistical methods (Li et al., 2012; You et al., 2013). Most
studies show that the increase in temperature extremes
in the arid region of Central Asia is closely linked to
anomalies in the atmospheric circulation or in particular
to circulation features such as cyclones and atmospheric
blocking systems. Nonetheless, the identified patterns of
these changes are not spatially uniform.
Temperature extremes have frequently resulted in major
damage to important agricultural regions and vulnerable ecosystems, large losses of human life, and high
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Figure 1. Location of the study region (XAR) and the meteorological stations. [Colour figure can be viewed at wileyonlinelibrary.com].

financial costs (Burke et al., 2015; Zhao et al., 2016).
Hence, it is pertinent to investigate if the past warming
has been accompanied by detectable changes in the trend
and frequencies of temperature extremes, which will provide more useful information for future predictions. There
is also a great demand for improving our understanding
of the causes of temperature extremes within the context
of global change to better evaluate its potential social and
economic impact.
Trends and abrupt changes are important statistical
characteristics indicating the changing property of climate
variables. Numerous studies show that extreme events are
relatively more sensitive to the variability of climate than
to its average, and that this sensitivity is relatively greater
as the event becomes more extreme (Katz and Brown,
1992; Griffiths et al., 2005; Fischer et al., 2012a). Hence,
in our study, T max and T min are investigated with particular
emphasis on temporal changes and frequency variability over Xinjiang autonomous region (XAR), China.
Furthermore, the 500 hPa geopotential height fields are
composited for extremely warm and cold months to illustrate the potential causes of temperature extremes in XAR.

2.

Study area

Located in the arid region of Central Asia, the XAR is the
largest province in China and covers an area of approximately 1.6 million km2 between 73∘ –96∘ E and 34∘ –50∘ N
(Figure 1). The elevation ranges from 192 m below sea
level to 8464 m above sea level. The Tien Shan mountain
ranges stand about 2500–6500 m above sea level and are
oriented from west to east dividing XAR into the northern
Junggar basin and the southern Tarim basin (Figure 1).
Being far away from the ocean and surrounded by mountains, in XAR prevails an inner-continental climate, with
a high daily temperature range, extreme cold winter, and
extremely hot summer. The annual precipitation over
northern Xinjiang ranges between 100 and 500 mm, while
© 2017 Royal Meteorological Society

southern Xinjiang receives only 20–100 mm. The annual
average temperatures range from 4 to 8 ∘ C in northern
Xinjiang and from 10 to 13 ∘ C in southern Xinjiang (Wu
et al., 2010). The highest and lowest temperatures ever
recorded in Xinjiang are 49.6 ∘ C in 1975 and −49 ∘ C in
2011, respectively. Although the regional climate patterns
are influenced by the rugged topography, the increasing
trends in the temperature indices are consistent with the
trends of global warming. Recent studies on climatic
changes in Xinjiang have shown that significant changes
in temperature and precipitation occurred during the
second half of the 20th century (Mamtimin et al., 2011).
Furthermore, the temperature extremes show patterns
consistent with a general warming trend, with most areas
within XAR showing statistically significant changes for
all the temperature-based indices (Wang et al., 2013b).

3. Data and methods
Daily raw data of T max and T min from 53 meteorological
stations in XAR (Figure 1) for the period of 1961–2015 are
provided by the National Climate Center. Altitudes of the
stations range from 35 m.a.s.l. in the desert region to more
than 3500 m.a.s.l. in the mountain regions, while most of
the stations (90%) are located in regions of low elevation
(below 2000 m.a.s.l.). Data quality has been checked by
several tests, in agreement with rules proposed by Martínez
et al. (2010). Time series with more than 5% missing
or incomplete data for the analysis period or one of its
sub-periods are excluded from the analyses. Based on the
research by Alexandersson and Moberg (1997), the time
series of daily T max and T min are tested for homogeneity
using the standard normal homogeneity test (SNHT). The
SNHT is based on the assumption that the ratio between
T max and T min at the test station and the reference series is
fairly constant in time. Khaliq and Ouarda (2007) improve
the critical values of the SNHT and extend them to large
sample sizes. At last, the daily data are averaged and
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converted into seasonal and annual T max and T min data.
Additionally, monthly and daily geopotential heights from
NCEP–NCAR reanalysis data (2.5∘ × 2.5∘ ) for the period
1961–2015 are used to highlight the variation of the crucial atmospheric circulation patterns on monthly (hottest
and coldest months) and daily (hot and cold spells) time
scales. The former is based on the monthly extreme temperature averaged over the XAR, while the latter is based
on daily extreme temperature at each station, which is
defined in the following three steps: (1) The 95th (5th)
percentile threshold of T max (T min ) during the 1961–1990
base period is calculated for each station and each month.
(2) An extreme temperature event at a station is defined
for at least five consecutive days when daily T max (T min )
is higher (lower) than its 95th (5th) percentile threshold.
(3) A regional extreme temperature event occurs (ends) if
the stations exceeds (falls below) 25% of the total stations
in XAR.
Nowadays, research on climate change is mainly based
on climatic proxy using traditional statistical methods.
The climatic system is nonlinear, non-stationary, but
hierarchical, which makes it complicated to detect and
analyse abrupt climatic changes (Gong et al., 2006;
Capparelli et al., 2013). Numerous studies demonstrate
that the regional warming trends are nonlinear and have
accelerated over most of the 20th century. But since the
1980s the increase is much stronger than calculated by
linear methods (Fischer et al., 2012b; Franzke, 2014; Ji
et al., 2014). Thus, the temporal evolution of T max and
T min in XAR is analysed in this study, using two nonlinear,
non-stationary signal-processing methods.
First, the Bernaola–Galván (B–G) algorithm is applied.
Based on the Student’s t-test, Bernaola-Galván et al.
(2001) proposed a heuristic segmentation algorithm to
split the time series into several subsets with different scales, which is more effective in detecting abrupt
changes in nonlinear time series. Here, a sliding pointer
is moved from the beginning (left) to the end (right) of
the time series. At each position of the pointer, the means
of the subset of the time series to the left of the pointer
(U L ) and to the right (U R ) are computed. To measure the
significance of the difference between U L and U R , the
statistic T is computed as follows:
|UL − UR |
|
T=|
(1)
SD
where

[
SD =

SL2 + SR2

]1∕2

NL + NR − 2

[

1
1
×
+
NL NR

]1∕2
(2)

is the pooled variance, and SL and SR are the standard deviations of the data to the left and to the right of the pointer,
respectively, and N L and N R are the number of points to
the left and to the right of the pointer. Then, the position
of the pointer for which T reaches its maximum value, i.e.
T max , is determined, and the statistical significance of T max
is computed for a significance level with
(
)
(
)
P Tmax = Prob T ≤ Tmax
(3)
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Since one cannot obtain P(T max ) in a closed analytical
form, a suitable approximation of P(T max ) can be obtained
by means of a Monte Carlo simulation as follows:
)𝜂
(
) (
(4)
P Tmax ≈ 1 − I[v∕v+Tmax
2
] (𝛿v, 𝛿)
where 𝜂 = 4.19 ln N − 11.54, 𝛿 = 0.40, N is the size of the
sequence or subsequence to be split, 𝜈 = N − 2 is the number of degrees of freedom, and Ix (a, b) is the incomplete
beta function. For a certain significance level P0 (e.g.
95%), when the P(T max ) ≥ P0 , the time series is split at the
estimated change point and the procedure is repeated until
no significant change point can be detected anymore.
The other applied method is the EEMD method, which
is used to display the trends in T max and T min over
the period 1961–2015. The EEMD method comprises
self-adaptability and locality in time, which is suitable for
the time–frequency analysis of nonlinear, non-stationary
time series (Wu et al., 2007; Bai et al., 2015). The method
decomposes a time series into a finite number of intrinsic
mode functions (IMFs) and an instantaneous mean as:
x (t) =

M
∑

Ψj (t) + R (t)

(5)

j=1

where the jth IMF Ψj can be written in polar coordinates
as:
[
]
Ψj (t) = rj (t) sin 𝜃j (t)
(6)
where rj is the jth time-dependent amplitude, 𝜃 j the jth
time-dependent frequency, and R the residual (or trend).
An IMF is different from Fourier modes, for which both
rj and 𝜃 j are time-independent. An IMF is defined by the
following two properties: (1) each IMF Ψj has exactly one
0 crossing between two consecutive local extrema (i.e. a
sequence of maxima and minima) and (2) the local mean
of each IMF Ψj is 0 (Franzke, 2012). The significance of
the IMF components is tested by a posteriori test method
as described in Wu and Huang (2004, 2009) and Wu et al.
(2007).

4.
4.1.

Results
Trends and abrupt changes

The temporal variability of annual T max and T min averaged
for the entire XAR for the period 1961–2015 is presented
in Figure 2. The trend component of EEMD is statistically
significant at the 95% confidence level, which implies
the existence of nonlinear trends in both T max and T min .
In contrast, a linear fit of annual T max and T min implies
asymmetrical trends as the linear trends show increases by
0.22 and 0.48 ∘ C decade−1 , respectively. The varying trend
in T max and T min from the EEMD reveals deviations from
linear trends. In addition, the B–G algorithm at the 95%
confidence level also detects abrupt change points in T max
and T min during the period 1961–2015. For both T max and
T min , an abrupt change point is detected in 1996. One more
change point has been detected in 1976 but for T min only
(Figure 2(b)).
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Figure 2. Temporal variability of (a) T max and (b) T min averaged for XAR for the period 1961–2015. The dot-dash line denotes the trend component
of EEMD; the horizontal lines denote the mean value before and after the abrupt change points, and the bold lines are the linear least square fit of
the raw data. [Colour figure can be viewed at wileyonlinelibrary.com].

The spatial distribution of the temporal occurrence of
change points is presented in Figure 3. Statistically significant abrupt change points in T max occurred at most
stations only once in the 1990s. Only three stations experience more than one change point, while also only few
stations experienced abrupt changes in the1970s and 2000s
(Figure 3(a)). In contrast, most of the stations experienced
two or three change points for the annual T min , and most
of the change points occurred in the 1980s and 1990s
(Figure 3(b)).
4.2.

Frequency and probability distribution

The changes in frequency and probability distribution of
T max and T min before and after the abrupt change points
are also investigated for summer and winter, respectively.
The normalized probability distribution of T max and T min
in XAR before and after the abrupt change points is
shown in Figure 4. For T max in summer, the location
parameter (i.e. the mean) and the scale parameter (i.e. the
variance) have remarkably changed, showing an increase
in occurrence probability and variability for the period
1997–2015 compared to 1961–1996 (Figure 4(a)). For
T min in winter, an obvious consecutive shift of the location
parameter can be identified before the first change point in
1976 and the second in 1996, implying a steady increase
in the mean T min in winter (Figure 4(b)).
Comparatively, the changes in range and variability
between the hottest and coldest T max in summer are much
smaller than those of T min in winter. Further, the analysis of the historical evolution of T max and T min during 1961–2015 indicates that the hottest and the coldest
months in XAR occurred in July 2015 and December 1967,
respectively. These stochastic events underscore and verify
the ongoing warming trend in the region.
It is important to note that the frequency of extremes
changes nonlinearly with the change in the mean of a distribution, that is, a small change in the mean can result
in a large change in the frequency of extremes (Donat
© 2017 Royal Meteorological Society

and Alexander, 2012). The results presented in Figure 4
indicate that the distributions are skewed towards the hotter part of both T max and T min after the abrupt change
points, and both distribution tails of T max and T min shifted
similarly to warmer temperatures after the abrupt change
points.
4.3. Possible link with large-scale circulation
Numerous studies show that the large-scale atmospheric
circulation is the dominant driver of extreme temperature
events (You et al., 2013; Horton et al., 2015). In order
to better understand the possible drivers of the variability in T max and T min in XAR, the synchronous changes
in mid-tropospheric geopotential heights are composited
for extreme hot and cold months over the Northern Hemisphere. The monthly fields of the geopotential height
and the corresponding height anomalies at 500 hPa are
composited for the four hottest (July 2015, July 1974,
July 1997, and July 1986) and coldest (December 1967,
December 2011, December 1969, and December 1977)
months (cf Figure 4), respectively.
The spatial variability of the geopotential height fields
and the corresponding height anomalies for these months
are shown in Figure 5. The anomalies are quite different
for summer (hottest months) and winter (coldest months).
In summer, negative geopotential height anomalies can be
observed over the east of the Ural Mountains, the North
Atlantic, and the Okhotsk Sea (Figure 5(a)). In particular, negative anomalies of the belts along the Euro-Asian
continent imply that a zonal circulation predominated the
middle and high latitudes during the extremely hot months.
Meanwhile, the weak positive anomalies over Siberian
and XAR are unfavourable for the occurrence of cold air
flows into XAR. In contrast, positive geopotential height
anomalies can be observed over the east of the Ural
Mountains and the North Atlantic in winter (Figure 5(b)),
the ridge and two troughs over the Euro-Asian continent
are favourable to transport cold air from high latitudes
Int. J. Climatol. (2017)
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Figure 3. Spatial distribution of abrupt change points in annual (a) T max and (b) T min over XAR for the period 1961–2015. The size and colour of
the circles indicate the occurrence and the corresponding period of the abrupt change.

Figure 4. Statistical density distribution of (a) T max in summer and (b) T min in winter over XAR for the period 1961–2015; the four warmest and
coldest months in T max and T min are annotated; the transparent lines represent the empirical frequency distribution, while the bold and dotted lines
represent the probability distribution with a Gaussian fit for different periods 1961–1996 (dotted line), 1961–1976 (dashed line), 1977–1996 (black
line), and 1997–2015 (dot-dashed line).

into XAR. In summary, both distributions imply that the
extremely hot and cold months over XAR are closely associated with the air masses centred over the east of the Ural
Mountains and North Atlantic.
Many studies have been published relating changes in
Asia extreme temperature to the large-scale circulation
over the east of the Ural Mountains, the North Atlantic, and
the Okhotsk Sea (e.g. Cheung et al., 2012; Park and Ahn,
2014). For example, Takaya and Nakamura (2005) concluded that wintertime blocking over the Ural Mountains is
of great importance for the climate of downstream regions
like East Asia, as blocking events in this region are usually
© 2017 Royal Meteorological Society

followed by the amplification of the Siberian high and subsequent outbreaks of cold air in East Asia. Thus, quite good
assumptions can be made on the occurrence of extreme
temperature events in XAR, for example, by projecting the
atmospheric conditions using a global circulation model
with focus on the Ural Mountains.
To further examine the crucial atmospheric circulation
patterns and identify their precursors, the geopotential
heights and the corresponding height anomalies are also
composited for hot and cold spells over XAR. According
to the definition in Section 3, we identified four strong hot
and cold spells, respectively (Table 1).
Int. J. Climatol. (2017)
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Figure 5. The geopotential height fields (contour lines) and the corresponding height anomalies (colour shaded contours) for the selected hottest (a)
and coldest (b) months over the Northern Hemisphere during 1961–2015; the bold line shows the XAR.

Table 1. List of strong hot and cold spells in XAR for the period 1961–2015.
Category

Event

Start date

Peak day

End date

Number and percentage of affected
stations at the peak day

Hot spells

1
2
3
4
1
2
3
4

15 July 2015
30 July 2006
12 July 2004
23 July 2013
20 December 1984
30 December 1966
24 December 1976
10 December 1975

19 July 2015
31 July 2006
13 July 2004
29 July 2013
23 December 1984
31 December 1966
25 December 1976
10 December 1975

30 July 2015
04 August 2006
18 July 2004
31 July 2013
30 December 1983
31 December 1966
30 December 1976
17 December 1975

31 (59%)
17 (32%)
15 (28%)
13 (25%)
34 (64%)
27 (51%)
22 (42%)
17 (32%)

Cold spells

The daily composites of the geopotential height and
corresponding anomalies for hot and cold spells are illustrated in Figure 6. In general, these patterns are similar to
those obtained for the hottest and coldest months. During
hot spells, a distinctive trough at 500 hPa can be identified
over the east of the Ural Mountains, while a strong ridge
exists over Greenland and a weak ridge over XAR. During
cold spells, the exact opposite conditions are found. This
situation emphasizes the atmosphere interconnection
between opposite regions of the Northern Hemisphere.
These predominant conditions are more distinct than for
the hottest and coldest months implying that at daily scale
more precise information on atmospheric characteristics
can be observed.

5.

Conclusion and discussion

In this study, the statistical characteristics of temperature
extremes (T max and T min ) over XAR during 1961–2015
are investigated. At first, the temporal trends and abrupt
change points of annual T max and T min are analysed using
the EEMD and B–G algorithm. Then, the frequency and
© 2017 Royal Meteorological Society

probability distribution of T max and T min before and after
the abrupt change points are investigated for summer and
winter, respectively. Finally, the geopotential heights at
500 hPa are composited for the hottest and coldest months
to illustrate the potential cause of the observed temperature extremes in XAR. The main findings and physical
processes involved can be summarized as follows:
(1) Nonlinear trends and abrupt change points are identified for both annual T max and T min time series of the
Province’s average in 1996, while for T min one more
abrupt change point is detected in 1976. At local scale,
for the majority of stations an abrupt change point in
annual T max occurred in the 1990s. In contrast, most
of the stations experienced two or three abrupt change
points in annual T min , mostly occurring in the 1980s
and 1990s.
(2) The Gaussian distribution of T max in summer and
T min in winter shows that both of them have shifted
toward a warmer climate after the occurrence of an
abrupt change point. The historical evolution of T max
in summer suggests that the high temperature extremes
tend to occur in El Niño years.
Int. J. Climatol. (2017)
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Figure 6. Same as Figure 5, but for the hot and cold spells listed in Table 1.

(3) The composite analysis of anomalies in geopotential
height at 500 hPa reveals different patterns associated
with hottest and coldest months, three key regions (the
east of the Ural Mountains, the North Atlantic, and
the Okhotsk Sea) are identified for T max in summer,
while T min in winter is mainly controlled by the high
values of the geopotential height at 500 hPa over the
east of the Ural Mountains and the North Atlantic. In
contrast, more distinctive patterns can be identified for
the hot and cold spells, which are defined by daily
extreme temperature at each station. It is apparent that
the geopotential height anomalies over the Greenland
and the east of the Ural Mountains are closely related
to the hot and cold spells.
This study provides a preliminary analysis of the statistical characteristics of temperature extremes and the
relationships between large-scale circulation and the
occurrence of temperature extremes in XAR. The abrupt
change points identified in this study (1976 and 1996)
are consistent with those of the climate regime shifts over
the Northern Hemisphere reported by previous studies
(Miller et al., 1994; Hartmann and Wendler, 2005; Li
et al., 2009; Marcus et al., 2011; Powell and Xu, 2011;
Renom et al., 2011; Fischer et al., 2012b; Hong et al.,
2014; Dong et al., 2016; Yan et al., 2016). The abrupt
change point in 1976 goes in line with an abrupt change
in the large-scale winter circulation pattern over the North
Pacific during the mid-1970s, which is associated with a
phase change in the Pacific Decadal Oscillation (PDO)
from negative to positive, which is further associated with
significant changes in the El Niño Southern Oscillation
(ENSO) evolution (IPCC, 2007). Kosaka and Xie (2016)
identified the tropical Pacific as a key pacemaker of the
variable rates in global warming. Additionally, the results
of monthly T max in this study also allow for a connection
to El Niño (http://www.el-nino.com), as for example, the
© 2017 Royal Meteorological Society

hottest month of 2015 (July) occurred during a typical El
Niño year (McPhaden, 2015). For a potential future study,
an investigation into the physical mechanisms behind
the abrupt changes and the occurrence of temperature
extremes in relation to various indices that are closely
related to the North Pacific (e.g. PDO, ENSO, and Sea
surface temperature (SST)) is under consideration.
Recently, increases in the occurrence of extreme temperature events have led to multiple mechanistic hypotheses
linking the increases to changes in the atmospheric circulation. For example, Zhang et al. (2012) and Horton et al.
(2015) attributed the hot extremes over parts of Eurasia to
the increasing trend in anticyclonic circulations. Francis
and Vavrus (2012), Tang et al. (2014), and Li et al. (2015)
have suggested that anomalously cold extremes in winter
at middle latitudes are associated with changing patterns
in the Arctic Sea ice. Fu and Bueh (2013) demonstrated
that the outbreak of the extreme cold events in China is
highly correlated with the large-scale tilted trough and
ridge in the middle troposphere over the Asian continent
(with the tilted trough to the southeast and tilted ridge to
the northwest of the region of Lake Balkhash and Lake
Baikal).Gong et al. (2014) concluded that the anomalies
in geopotential heights at 500 and 1000 hPa over Eurasia
might be the direct cause for the occurrence of regional
extreme low temperature events in 2011. Previous work
also has highlighted that the Siberian high is the dominant
circulation system over the Eurasian continent during winter (Gong and Ho, 2002; Li et al., 2012; Tubi and Dayan,
2013; Kuang et al., 2016). Our results extend the previous
works about the trends and abrupt change of temperature
extremes, providing a more detailed view of the large-scale
circulation anomalies related with temperature extremes
over the typical arid region of Central Asia.
Temperature extremes can have negative effects on the
society and ecosystems in many ways (e.g. droughts,
extreme heat, and cold waves). Also, some effects might
Int. J. Climatol. (2017)
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be beneficial to the socio-ecosystems in the XAR. For
example, recent warming has created favourable conditions for agricultural production through a prolonged
growth season and longer frost-free periods, or the spatial
upward movement of accumulated temperature belts in the
mountainous regions and the decrease of the cold stress.
Furthermore, daily temperatures at high altitudes are
influenced by local topography, which determines the relative impacts of free air advection and the local radiation budget. During recent decades, numerous studies have
reported that the responses of temperatures at high elevated sites to global warming are inconsistent with those
at low-lying sites (e.g. Rangwala et al., 2013; Revadekar
et al., 2013; Fan et al., 2015). Since most of the stations
analysed in the article are at low altitudes, the elevation
dependency of temperature extremes is an issue that needs
to be investigated further. Meanwhile, accurate projections
of future extreme temperature events are important for
decision-making processes. Future research could focus
on the regional characteristics of projected temperature
extremes based on the output of state-of-the-art regional
or global circulation models.
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