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Abstract The natural ecosystem in Central Asia is sensitive
and vulnerable to the arid and semiarid climate variations,
especially the climate extreme events. However, the climate
extreme events in this area are still unclear. Therefore, this
study analyzed the climate variability in the temperature and
precipitation extreme events in an alpine grassland
(Bayanbuluk) of Central Asia based on the daily minimum
temperature, daily maximum temperature, and daily precipi-
tation from 1958 to 2012. Statistically significant (p < 0.01)
increasing trends were found in the minimum temperature,
maximum temperature at annual, and seasonal time scales
except the winter maximum temperature. In the seasonal
changes, the winter temperature had the largest contribution
to the annual warming. Further, there appeared increasing
trends for the warm nights and the warm days and decreasing
trends for the cool nights and the cool days at a 99 % confi-
dence level. These trends directly resulted in an increasing
trend for the growing season length (GSL) which could have
positively influence on the vegetation productivity. For the
precipitation, it displayed an increasing trend for the annual
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precipitation although it was not significant. And the summer
precipitation had the same variations as the annual precipita-
tion which indicated that the precipitation in summer made the
biggest contribution to the annual precipitation than the other
three seasons. The winter precipitation had a significant in-
creasing trend (1.49 mm/10a) and a decreasing trend was
found in spring. We also found that the precipitation of the
very wet days mainly contributes to the annual precipitation
with the trend of 4.5 mm/10a. The maximum 1-day precipita-
tion and the heavy precipitation days only had slight increas-
ing trend. A sharp decreasing trend was found before the early
1980s, and then becoming increase for the above three precip-
itation indexes. The climate experienced a warm-wet abrupt
climate change in the 1980s. Further, this tendency may be
continuous into the future.

1 Introduction

Climate change is a change in the climate state that can be
identified (e.g., by using statistical tests) by changes in the
mean and/or the variability of its properties and that persists
for an extended period (IPCC 2012). And it is generally ac-
cepted that changes in the frequency or intensity of extreme
weather and climate events would have more great impacts on
both human society and natural systems than the mean climate
variables (Easterling et al. 2000a, b; Patz et al. 2005;
McMichael et al. 2006; IPCC 2012; Thornton et al. 2014).
In recent years, a number of weather events cause large
losses of life and a tremendous increase in economic losses
(Easterling et al. 2000a) all over the world, such as Hurricane
Andrew in South Florida in 1992 (Changnon et al. 2000), the
major floods in China in 1998 (The Ministry of Water
Resources of the People’s Republic of China’s 1999). These
evidences indicate that the study of the extreme climate events
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is urgent and important from which we can obtain useful in-
formation for managing the risks of extreme events and
disasters.

Therefore, more and more attentions have been focused on
the extreme changes of the temperature and precipitation at the
global and regional scales (Janowiak 1990; Katz and Brown
1992; Frich et al. 2002; Zhai et al. 2005; Sun et al. 2014).
Since the start of the twentieth century, the 0.6 °C increase
of the global mean temperature (IPCC 1995) is associated
with a stronger warming in daily minimum temperature than
in maximums leading to a decrease in the diurnal temperature
range (DTR) (Karl et al. 1993). From 1950 to 1993, the in-
creasing trend for the minimum temperature is 1.86 °C/100a
bigger than the 0.88 °C/100a trend for the maximum temper-
ature overall global (Easterling et al. 1997). During 1951—
2003, over 70 % of the land area sampled experienced a sig-
nificant increase for the warm nights and a significant de-
crease for the cold nights (Alexander et al. 2006). But the
precipitation changes are much less spatially coherent com-
pared with temperature change (Alexander et al. 2006; IPCC
2013). A tendency toward wetter conditions is found over a
large region of the Northern Hemisphere midlatitudes
(Alexander et al. 2006) and a reduction is found in low latitude
(IPCC 2013). Zhai et al. (2005) pointed that the extreme pre-
cipitation typically accounts for 3040 % of annual precipita-
tion over the whole China during 1951-200, although it is
little trend in total precipitation in this period. In addition,
significant increases in extreme precipitation were found in
western China. In Central America and northern South
America, there exists a significant increasing trend for the
precipitation intensity. In addition to the observational studies,
the climate models are applied to investigate the climate ex-
tremes, although there are still some systematic errors and
limitations in accurately simulating regional climate condi-
tions (Easterling et al. 2000a; Kharin et al. 2007; Chen et al.
2014; Pei et al. 2014). Sillmann et al. (2013a) displayed that
the CMIP5 models have the ability to simulate climate ex-
tremes and their trend patterns for the present climate.

Central Asia is located at the hinterland of the Eurasian
continent and far from the sea. On the other hand, the basins
in the area are in the rain shadows of high mountain ranges.
Adding its complex topography, this region has an arid and
semiarid climate. Consequently, the ecosystems in Central
Asia are sensitive and vulnerable to the climate change, such
as the evapotranspiration, temperature, and precipitation, es-
pecially to the extreme climate events (Chen et al. 2012; Hu
etal. 2013; Zhang et al. 2013; Hu et al. 2014; Dai et al. 2015).
Bayanbuluk grassland has a special alpine mountain climate
in Central Asia and is surrounded by snow-capped mountains
(Hu et al. 2004). This grassland is also the largest alpine grass-
land in Xinjiang, China, and plays a key role on the local
livestock development. Then, the climate study (especially
the extreme climatic events) of the Bayanbuluk grassland
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could provide great important information for the society
and natural systems.

The objective of this paper is to provide a comprehensive
analysis of observed temperature and precipitation (including
the extreme climate events) in the Bayanbuluk grassland dur-
ing the period of 1958-2012. Firstly, the results of analyses on
the trends and variability of the climate will be presented,
including both the annual and seasonal means. Secondly, for
detecting the climate transformation in this study period, the
abrupt climate change is discussed by the nonparametric
Mann-Kendall method. And the long-rang dependence
(LRD) of the climate is also investigated by the Hurst index.
Thirdly, the extremes climate events will be analyzed, includ-
ing the variability, abrupt climate change, and LRD. Finally,
the comprehensive discussion and conclusion are provided.

2 Study area, data and methodologies
2.1 Study area and data

The Bayanbuluk grassland lies into the mountain basin of the
central Tianshan Mountainous and the northwest of the Hejing
country in Xinjiang Uygur Autonomous Region (Fig. 1). As
the biggest alpine grassland in China, it covers more than
2.38 x 10* km? with the elevation from approximately 1400
to 4500 m. Affected by its topography, the Bayanbuluk grass-
land has a special alpine mountain climate: the annual mean
temperature is —4.5 °C, the growing season (April—
September) temperature is approximately between 5 and
10 °C, and the multi-annual mean precipitation is 270 mm
(Hu et al. 2004).

In this study, the climate data daily 7},.x, Timin, and precip-
itation are from the National Meteorological Information
Center (NMIC) of China Meteorological Administration
(http://www.cma.gov.cn/2011qxfw/2011qsjgx/) during the
period of 1958-2012. All the data are processed strictly,
quality controlled, and homogeneity adjusted (Xu et al.
2013). The daily mean temperature (7ean) is averaged from
the daily Tpax and T, For detecting the temperature
variability, the diurnal temperature range (DTR) is calculated
from the Ty, and Tp,;,. The seasonal and annual data are
computed based on the daily data. The four seasons are spring
[March, April, and May (MAM)], summer [June, July, and
August (JJIA)], fall [September, October, and November
(SON)], and winter [December, January, and February (DJF)].

2.2 Methodologies

The trends of the temperature and precipitation are computed
by the linear least square method at seasonal and annual time
scales, respectively. And the statistically significance of the
trend is tested by the ¢ test method. As well known, the
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nonlinearity of the climate system may lead to abrupt climate
change which means the state of the climate system trans-
formed from one to another (Alley et al. 2003; IPCC 2012).
The nonparametric Mann-Kendall method established by
Mann (1945) and Kendall (1948) can not only detect the
abrupt climate change but also obtain the trend of the time
series (Fraedrich et al. 1997; Burn et al. 2002;
Sayemuzzaman et al. 2015). Further, the Mann-Kendall meth-
od has no assumption on the distribution of the time series and
is robust to the effect of outliners. The detailed information of
the Mann-Kendall method can be found in Li et al. (2011).
The LRD (also referred to as long-term persistence, long
memory, or Hurst phenomenon) and self-similar processes de-
note the property of time series to exhibit persistent behavior
(Samorodnitsky 2006; Koutsoyiannis and Montanari 2007; Rea
et al. 2011). LRD indicates the process is compatible with the
presence of fluctuations on a range of timescales which can
reflect the long-term variability of the time series, and it can be

also defined as a tendency of clustering in time of similar events
(droughts, floods, etc. Koutsoyiannis and Montanari 2007). A
number of past studies (Bloomfield and Nychka 1992; Rybski
et al. 2006; Zhu et al. 2010; Mann 2011; Rea et al. 2011) have
investigated the variation of the LRD in climate records.

The Hurst index (H) is widely used to estimate the LRD
of the time series in climate change, hydrology, and other
fields (Koutsoyiannis 2003; Sakalauskiene 2003;
Koutsoyiannis and Montanari 2007; Rehman 2009;
Rehman and Siddiqi 2009; Velasquez Valle et al. 2013).
According to the H value, the time series is classified in
three cases: (1) H = 0.5 means the various essential ele-
ments is completely independent, and the time series is
random; (2) 0.5 < H < 1 indicates that the time series has
a LRD which means persistent, and the bigger value, the
stronger the continuity; and (3) 0 < H < 0.5 also means the
LRD which means anti-persistent, and the closer the H val-
ue to 0 indicates the stronger reverse tendency in future.

Table 1  Precipitation and Temperature Indices with their Definitions and Units
ID Indicator name Definitions Units
GSL Growing season Length Annual (Ist Jan. to 31st Dec. in NH, 1st July to 30th June in SH) count between first span  Days
of at least 6 days with TG > 5 °C and first span after July 1 (January 1 in SH) of 6 days
with TG < 5 °C
TN10p Cool nights Days with Tmin < 10th percentile of the same day during the base period 1961-1990 Days
TX10p Cool days Days with Tmax < 10th percentile of the same day during the base period 1961-1990 Days
TN9Op Warm nights Days with Tmin > 90th percentile of the same day during the base period 1961-1990 Days
TX90p Warm days Days with Tmax > 90th percentile of the same day during the base period 1961-1990 Days
RXlday  Max l-day precipitation amount Monthly maximum 1-day precipitation mm
R10 Number of heavy precipitation days Annual count of days when PRCP > 10 mm Days
CDD Consecutive dry days Maximum number of consecutive days with RR < 1 mm Days
RIO5pTOT  Very wet days Annual total PRCP when RR > 95th percentile of the same day during mm

the base period 1961-1990
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As an important part of fractal theory, the rescaled range
analysis (R/S, for a real-valued time series {x1,x2,..., Xp,...},
S(n) is the standard deviation of the first n data of the series
{x1,%2,..., x,} and R is their range: R(n) = max{x, xp,..., x-
»} —min{xy, x,,..., x,}) method created by Hurst (1951) is the
most classical method to compute the H parameter (Sanchez
et al. 2008). In this paper, the R/S method is used to compute
the H value.

For analyzing the extreme climate changes, we select 9
indices (5 for the temperature, 4 for the precipitation) from
the 27 climate extremes indices of Expert Team on Climate
Change Detection and Indices [(ETCCDI) http://www.
climdex.org/indexes.html, Karl and Nicholls 1999; Peterson
et al. 2001; Zhang et al. 2005] to detect the frequency and
intensity of the climate change (Table 1). And these indices
are computed by the RClimDex software. The change trends

1990

1980 1990 2000 2010

Year

20.00 20‘10 1960 1970

of the 9 climate extremes indices are obtained by the linear
least square method. The relationships between the climate
extremes indices and the annual precipitation are quantified
by the two-tailed Pearson correlation coefficients (CC).
Moreover, the abrupt climate change and the long-term mem-
ory of the climate extreme indices are also detected by the
Mann-Kendall method and the Hurst index, respectively.

3 Results
3.1 Trends in temperature and precipitation
Figure 2 shows the significant warming trends (p < 0.01) of

the annual temperature indices during 1958-2012. The annual
Tmin has the biggest increasing trend (0.67 °C/10a). The

Table 2 The linear trend (°C/10a

for temperature, mm/10a for Time scale Tinin Tinax Tinean DTR Precipitation
precipitation) of the seasonal and
annual climatic components MAM 0.44%* £ 0.29 0.43*%* £ 0.39 0.43%* £ 0.33 —0.01 —1.18
(Tmir.], .T‘me.)x’ Tmean_, DTR, and JJA 0.50%* + 0.11 0.24%* + 0.14 0.37#* + 0.09 —0.25%* £ (0.18 5.01
precipitation) during 19582012 g 0.71%% £ 031 048% +041  059%+033  —024 1.88
by the least square method
DJF 1.13%* + 0.60 0.55 0.84** + 0.66 —0.58%* + 0.26 1.49*% + 1.19
Annual 0.67** + 0.19 0.40%* + 0.25 0.54%* + 0.21 —0.27%* + 0.14 7.17

*95 %, **99 % confidence interval
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negative anomalies appear from 1958 to 1980 and after 1980, Tmins Tmax> and Tinean have the same temporal variations
the positive anomalies appear (Fig. 2a). Compared with the  (Fig. 2a—c). The bigger increasing trend of the 7,,;, than the
annual 7,,;, trend, the trend of the annual 7., and Tcan 1S Tmax consequently results in a significant decreasing trend
0.4 °C/10a and 0.54 °C/10a, respectively. Further, annual  (p < 0.01, —0.27 °C/10a) of the DTR (Fig. 2d).This finding

Fig. 3 The temperature
anomalies trends for JJA (left T T T T
panel) and DIF (right panel) 3 JJA-Tmin
during 1958-2012. From fop to
bottom is for Trin, Tmaxs Tmeans
and DTR, respectively. The
legends are same as in Fig. 2
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is in agreement with the previous studies (Liu et al. 2006; Su
et al. 2006; Donat et al. 2013).

In the seasonal temperature changes, all the temperature
indices show a significant increasing trend (p < 0.01) except
the 7.« trend in DJF (see Table 2). Particularly, the biggest
increasing trends appear in DJF for Ti;, (1.13 +0.60 °C/10a),
Tnax (0.55 °C/10a), and Tyeqn (0.84 £ 0.66 °C/10a), followed
by the trends in SON. And the smallest increasing trends ap-
pear in MAM for Ty, and in JJA for T« and Tpean. The
DTR has a significant decreasing trend at a 99 % confidence
level only in JJA (—=0.25 £ 0.18 °C/10a) and DJF
(—0.58 = 0.26 °C/10a). The nonsignificant decreasing trend
(—0.01 °C/10a) of the DTR in MAM may be caused by the
same variation pattern in T,;y, and Tp,ax, and the slight differ-
ence of the increasing trend (Table 2) between them. Further,
the bigger magnitude is found in DJF than in JJA for T,
Tmaxs Tmean> and DTR which indicates a stronger change of the
temperature in DJF than in JJA during 1958-2010 (Fig. 3).

For the precipitation, Fig. 4a shows that the annual precip-
itation anomaly has an increasing trend (7.17 mm/10a) in the
period 1958-2012 although it is not significant at 90 % con-
fidence level. In fact, the quadratic polynomial may fit the
annual precipitation change better than the linear fit. Before
the early 1980s, the annual precipitation has a sharp decrease,
and then it becomes an increasing trend. This finding indicates
the nonlinear characteristic of the precipitation in Bayanbuluk.
In the seasonal precipitation changes, there exist increasing
trends in JJA, SON, and DJF, except a decreasing trend

(—1.18 mm/10a) in spring during this period (Table 2).
Comparing with the other three seasons, the summer precipi-
tation has the biggest contribution to the annual total precipi-
tation with an increasing trend (5.01 mm/10a) and a nonlinear
change also appears annually in Fig. 4b. The increasing trend
(1.49 £+ 1.19 mm/10a) of the precipitation anomaly in winter is
significant at the 95 % confidence level (Fig. 4c).

Figure 5 shows the averaged monthly precipitation during
the period 1958-2012. It is found that July has the biggest
precipitation than other months, and the average precipitation
is 69 mm which is more than 23 times that of the smallest
precipitation in January. Then, it is followed by the June and
August precipitation. The precipitation in May is comparable
to September. On the whole, the precipitation in warm season
(May—September) accounts for the vast majority part (87 %)
of precipitation in the year. The above results have a well
explanation for the same temporal trend between the summer
and annual precipitations.

3.2 The abrupt climate change and LRD

In this section, the Mann-Kendall method is used to detect the
abrupt climate change and the Hurst index is used to investi-
gate the LRD. Table 3 displays that the annual 7}y,;,, Tnax, and
Tnean have the same abrupt climate change at the middle of the
1980s, and the abrupt climate change year appears at 1984,
1987, and 1985, respectively. The annual DTR has an abrupt
climate change year at 1978. After the climate abrupt change,

Fig. 4 The precipitation b
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Fig. 5 Variation in averaged monthly precipitation during 1958-2012 in
Bayanbuluk area. And the standard deviation is also added to provide the
variation of the monthly values

the averaged increasing trend value is decreased for the annual
Trin (decreased 0.1 °C/10a) and the annual 7,,,, (decreased
0.01 °C/10a), and the increasing trend of the annual Teqn
becomes bigger (increased 0.05 °C/10a). In the seasonal
abrupt climate change, the temperature indices in SON have
the same abrupt climate change year at 1987 which is consis-
tent with the annual T,,,,. However, the DTR in SON has no
significant abrupt climate change. In winter, the abrupt climate
change year of the Ty, and Tiyean 1S at 1984 which is same
with the annual T,;,. But the abrupt climate change of the
Tmax 18 not significant. In other seasons, abrupt climate change
of the temperature indices is different. For the precipitation,
only abrupt climate change is found at winter and the abrupt
year is 1992. The annual and the other three season precipita-
tions have no significant abrupt climate change.

Figure 6 provides the Hurst index results for the Tinin, Timax
Tineans and precipitation at seasonal and annual scales during
1958-2012. The H values are bigger than 0.5 which indicates
the long-term memory with the same trend in future for the

Table 3  Results of the abrupt climate changed by Mannual-Kendall method

Time scale Climate factor Before abrupt Abrupt year After abrupt
K Mean Var K Mean Var

MAM Tmin 0.35 -9.06 1.78 1992 0.32 =7.73 1.74
Tinax 0.25 5.42 2.79 1996 —0.14 7.01 3.44
Tinean 0.33 -1.78 2.11 1995 0.09 -0.34 245
DTR NSA
Precipitation NSA

JJA Tmin 0.38 2.13 0.21 1980 031 3.69 0.40
Tnax 0.10 17.22 0.44 1996 0.18 18.14 0.21
Trnean 0.44 9.73 0.26 1983 0.40 10.73 0.30
DTR 0.06 15.04 0.47 1980 0.10 14.00 0.55
Precipitation NSA

SON Tinin 0.72 -10.52 223 1987 0.64 —8.49 1.89
Tnax 0.45 5.12 3.00 1987 —0.08 6.67 3.13
Tinean 0.59 -2.70 2.08 1987 0.28 -0.91 1.96
DTR NSA
Precipitation NSA

DIJF Tmin 0.68 -32.02 7.08 1984 0.51 —28.45 6.22
Tinax NSA
Tinean 0.29 —24.45 8.72 1984 0.28 -21.67 7.15
DTR -0.41 15.56 1.46 1976 -0.38 13.70 1.33
Precipitaiton 14.4 8.74 33.26 1992 6.9 13.12 75.89

Annual Tinin 0.69 —12.23 0.87 1984 0.59 -10.32 1.00
Tnax 0.23 2.80 0.94 1987 0.22 4.10 1.48
Tnean 0.41 —4.73 0.81 1985 0.46 -3.13 1.13
DTR —-0.02 15.24 0.38 1978 -0.09 14.28 0.36
Precipitation NSA

The K value (°C/10a) is the change trend before or after the abrupt year computing by the linear least square method. Var is the variance and NSA is non-

significant abrupt (p > 0.05)
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Fig. 6 The Hurst index of the seasonal and annual climatic components
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temperature and precipitation. For the annual temperature, the
Tmin has the biggest H value (0.97), followed by Tjnean (0.92)
and Tpnax (0.82). It shows that the temperature will have a
sustained increasing trend and this trend of 7,;, is bigger than
that of the T),,. The range of the temperature will be small
because of the H = 0.9 > 0.5 for the annual DTR. For the
precipitation, the Hurst index values are bigger than 0.5. The
Hurst index of the spring precipitation is 0.59 which indicates a
continuous decreasing trend in future. In summer, the precipi-
tation has the biggest Hurst index value (H = 0.85) than the
other seasons which suggests the strongest increasing tendency.

3.3 The extremes of the temperature and precipitation

The cold nights (TN10p) and cold days (TX10p) show signif-
icant (p < 0.01) decreasing trends, and the corresponding trend
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Fig. 8 The trends of the RX1day
(maximum 1-day precipitation
amount) (a), R10mm (number of
heavy precipitation days) (b),
CDD (consecutive dry days) (c),
and R9SpTOT (very wet days)
(d), respectively. The red line and
blue line are the linear fit results
for different periods. The
formulas with different colors are
corresponding to the different
colors linear fit lines computed by
the least square method. The red
linear fit line for 1958—1980 (a, d)
and 1958-1983 (b). The blue
linear fit line for 1981-2012 (a, d)
and 1984-2012 (b). The black
linear fit line is for the whole
period 1958-2012

Fig. 9 The relationship between
the annual NDVI and four climate
factors: annual 7, (a), annual
Tmax (b), annual 7., (€), and
annual precipitation (d)
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values are 7.7d/10a and 5.1d/10a (Fig. 7a, ¢). On the other
hand, the warm nights (TN90p) and warm days (TX90p) have
greatly linear increases at a 99 % confidence level with the
increasing trend values 11.8d/10a and 6.5d/10a (Fig. 7b, d).
The increasing in warm nights (or days) and the decreasing in
cold nights (or days) directly prolong the growing season
length (GSL) with a significant increasing trend (5.5d/10a)
over Bayanbuluk grassland in 1958-2012.

Figure 8a—d displays the trends of the precipitation indices
including the RX1day, R10mm, CDD, and R95pTOT, respec-
tively. A slight increase (0.65 mm/10a) for the RX1day is
found in Fig. 8a during 1958-2012. In fact, this trend is
grouped by a significant decrease (—4.2 mm/10a, p < 0.05)
in 1958-1980 and an increased trend (1.9 mm/10a) in 1981—
2012. The frequency of the R10mm is decreased (—0.7d/10a)
from 1958 to 1983, and then it has a significant increasing
trend (1.2d/10a, p < 0.05) during 1984-2012 (Fig. 8b). The
trend of the whole period 1958-2012 is 0.21d/10a. For the
consecutive dry days (CDD) change, Fig. 8c shows a decreas-
ing trend (—6.5d/10a). Lastly, the change of the R95pTOT
(Fig. 8d) has a significant decreasing trend (—30.3 mm/10a,

p < 0.05) in 1958-1980 and a significant increasing trend
(18.1 mm/10a, p < 0.05) from 1981 to 2012 which is similar
with the changes of the RX1day and R10mm (Fig. 8a, b). In
fact, it is clear that the variations of the RX1day, R10mm, and
R95pTOT are same as that of the annual and JJA precipitation
(Fig. 4a, b) which indicates that the RX1day, R10mm, and
R95pToT have a large contribution to the annual total precip-
itation, at least to the summer precipitation.

In order to compare with the abrupt change and the LRD of
the averaged climate records, we further detect the climate
extreme events by the Mann-Kendall method and Hurst index.
The TN10P and TN9OP have the same abrupt change at 1985
which is close to the abrupt change year of the annual 7},
(1984). However, the abrupt change year of the TX10P (1980)
is different from that of the TX90P (1988). And the abrupt
change year of the 7}, and Tipean is at 1987 and 1985, respec-
tively. On the whole, it can be certain that the abrupt change of
the temperature appears at the mid-to-late 1980s. From the
piecewise fitting results of the extreme precipitation indices
in Fig. 8a (RX1day), Fig. 8b (R10mm), and Fig. 8d
(R95pTOT), we can directly obtain that there is a change of

Table 4 Comparison of decadal temperature (precipitation) change rate (°C/10a and mm/10a) in Bayanbuluk grassland from 1958 to 2012 derived

from this study to rates reported in other studies

Studies Study area Study period Data and methods Annual MAM JJA SON DIJF
Aizen 1997 Tian Shan mountain 1940-1991  Observations from 0.10
110 stations
Yin et al. 2015 Tian Shan mountain 1958-2001  NCEP-RegCM 0.12 (-8.6)
ERA40-RegCM —0.01 (3)
CRU 0.30 (-3.1)
WM 023 (-1.1)
Xu et al. 2015 Northern Xinjiang 1960-2011  Observations from 0.35(11.2)
22 stations
Lietal 2011 Xinjiang 1961-2005  Observations from 0.28 (4.12) 0.12 (-1.08) 0.12(1.8) 045 (2.1)
65 stations
Li and Wang 2012 northwest China  1960-2010  Observations from 0.34
74 stations
Ren et al. 2005 China 1951-2004  Observations from 0.25 0.15 0.39
740 stations
Yao and Chen 2015 Syr 1881-2011  Observations from 0.14 (4.44)
8 stations
Hu et al. 2014 CAS and Xinjiang 1979-2011  Observations from 0.41 0.64 0.38 0.52 —-0.01
81 stations
CRU 0.42 0.81 0.25 0.46 0.16
CFSR 0.36 0.74 0.22 0.42 0.02
ERA-Interim 0.36 0.69 0.24 0.49 0.05
MERRA 0.36 0.75 0.36 0.47 -0.28
1960-2009 CRU 0.33 0.34 0.23 0.32 0.47
1960-2011  Observations from 0.27 0.23 0.19 0.31 0.33
62 stations
Our Study Bayanbuluk 1958-2012  Observations from the 0.54 (7.17) 0.43 (-=1.18) 0.37 (5.01) 0.59 (1.88) 0.84 (1.49)

Bayanbuluk station

The numbers inside the pairs of parentheses in each column are the precipitation change rates.

CAS Central Asia States, OBSobservations, GCMsgeneral circulation models, CRU climate research unit (http://www.cru.uea.ac.uk/cru/data/

temperature), NCDC National Climatic Data Center, USA
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the climate state which is from the decreasing trend to the
increasing trend after the early 1980s. The above results show
that this climate transformation over the Bayanbuluk grass-
land is similar with the Xinjiang (Zhang et al. 2012) and the
northwest of China (Shi et al. 2007). In addition, we should
note that after the early 1980s, the increasing trend of the
heavy precipitation extremes may lead to the increased risk
of the floods over this area. According to the H values, the 9
climate extremes indices all have long-term memory charac-
teristics. The decreasing trends for the TN10p (H = 0.99) and
TX10p (H = 0.86) may continue into the future, and the in-
creasing trends TN90p (H = 0.93) and TX90p (H = 0.73) may
also be persistent. Although there are slight increasing trends
for RX1day, R10mm, and R95pTOT during 1958-2012, their
increasing trends may be continuous in the future (H = 0.86,
0.81 and 0.87, respectively).

There is a general agreement that the vegetation change can
be recognized as an indicator of climate change (Piao et al.
2006; Shi et al. 2007; Hoover et al. 2014). For detecting the
effects of climate change on vegetation over this area, we
detect the relationships between the normalized difference
vegetation index (NDVI) and the annual 7,,;,, annual Ty,
annual 7},c.n, and annual precipitation. The NDVI data with a
spatial resolution of 8 x 8 km? and 15-day interval are
downloaded from the Global Inventory Monitoring and
Modeling Studies (GIMMS) group derived from the advanced
very high-resolution radiometer (AVHRR) of the National
Oceanic and Atmospheric Administration (NOAA) Land data
set for the period January 1982 to December 2012 (ftp:/ftp.
glcf.umiacs.umd.edu/glcf/GIMMS/, Tucker et al. 2005). The
annual NDVI is significantly (p < 0.05) positively correlated
with the annual T,,;, (R*> = 0.2), annual Tyean (R> = 0.14), and
annual precipitation (R* = 0.20) except the little correlation
with the annual T}, (R? = 0.09) (Fig. 9). This result indicates
that the vegetation NDVI in Bayanbuluk grassland is mainly
controlled by the minimum temperature and precipitation. The
increased precipitation and 7,,;, provide favorable water-heat
condition to improve the vegetation over this grassland from
1982 to 2012.

4 Discussion

Our results show a significant increasing trend (0.54 °C/10a)
for the

annual 7., in Bayanbuluk grassland during the period
1958-2012. This change rate is larger than the rate averaged
for Central Asia (i.e., 0.39 °C/10a from 1979 to 2011)
(Table 4, Hu et al. 2014), and it is also larger than the north-
west of China (0.34 °C/10a from 1960 to 2010, Li et al. 2012).
This rate is about twice as large as the warming rate in
Xinjiang (0.28 °C/10a from 1961 to 2005, Li et al. 2011)
and bigger than the two times of warming rate in China

(0.25 °C/10a from 1951 to 2004, Ren et al. 2005). It has been
reported that temperature increase in many regions around the
world has occurred most prominently in the winter months.
Winter warming contributed strongly to the annual tempera-
ture increase (Huang et al. 2005; Ren et al. 2005; Li et al.
2011). Our seasonal results are consistent with this
conclusion.

For the precipitation change, the Bayanbuluk grassland ex-
perienced a wetting trend (7.17 mm/10a) during 1958-2012.
This increasing trend of the precipitation is also found in north
Xinjiang (11.2 mm/10a, Xu et al. 2015) during 1960-2011,
Xinjiang (4.12 mm/10a, Li et al. 2011) during 1961-2005,
and northwest of China (Wang et al. 2013). The RX1day,
R10mm, and R95pTOT show increased trends, especially af-
ter the early 1980s. This suggests that the precipitation in-
crease in Bayanbuluk grassland is due to the increase in both
precipitation frequency and intensity. On the other hand, it
indicates that the increased extreme precipitation will cause
the increasing of the flood risks in this area, and this will
happen in Tianshan Mountain and Xinjiang (Zhang et al.
2012).

As a consequence of global warming and an enhanced
water cycle, the climate transformation (from a warm-dry to
a warm-wet) in Bayanbuluk grassland appears at the 1980s
(the abrupt change in 1985 for the annual T, and in 1987
for the SON temperature, the abrupt change in the early 1980
for the precipitation) which is similar to those found in north-
ern Xinjiang (Xu et al. 2015, the abrupt change in 1986 for
temperature and in 1987 for precipitation), Xinjiang, and
northwest China (Shi et al. 2007; Li et al. 2011; Wang et al.
2013). In addition, our results show that all the records (aver-
aged and extreme climate) are characterized by the LRD, and
this is also found in Xinjiang (Li et al. 2011). It is suggested
that the warm-wet tendency will be continuous into the future
in this area. Further, the increased magnitude and frequency of
the extreme climate events may affect the fragile grassland
ecosystem which we have to face in the future.

Some valuable climate information is provided for comput-
ing the grassland area, grassland productivity, and helping
water resource management in this area. However, the rela-
tionships between the climate change and the grassland eco-
system (such as the grassland productivity, vegetation cover-
age, vegetation type, and local carbon cycle) are not detected
in this study. The previous studies (Sillmann et al. 2013a; Hu
et al. 2014) suggest that the climate models or some climate
datasets with high spatial resolutions may be an efficient way
to describe the spatial climate change, especially in mountain
areas (Yin et al. 2015), and the climate models also can project
the future climate (Sillmann et al. 2013b). It will be interesting
to detect the spatial pattern of the climate change by the cli-
mate models or some climate datasets with high spatial reso-
lutions in this region with complex topography. These topics
will leave for our future study.
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5 Conclusions

This study analyzed the climate variations in the temperature
and precipitation extreme events in Bayanbuluk grassland of
Central Asia during 1958-2012. The major conclusions are
summarized as follows:

(a) The annual temperature has a significant increasing trend
(» < 0.01) and the greatest warming is found for the
annual 7,;, (0.67 °C/10a). The bigger increasing trend
of the annual T, than the T,,,, induced a significant
decreasing trend (—0.27 °C/10a) for the annual DTR.
The seasonal temperature (including 7oin, Tmax, and
Tinean) Shows significant increasing trends (p < 0.01) ex-
cept the nonsignificant increasing trend (0.55 °C/10a) for
the Tphax in winter. The winter (DJF) temperature has the
largest contribution to the warming of the annual temper-
ature than the other three seasons.

(b) The annual precipitation has a linear increasing trend
(7.17 mm/10a) in Bayanbuluk grassland during 1958—
2012. In fact, the annual total precipitation exhibits more
nonlinear characteristics than the linear trend (Fig. 4a).
The precipitation in JJA, SON, and DJF shows an in-
creasing trend except the decreasing in MAM. Further,
the wetting trend DJF is significant at a 99 % confidence
level. The precipitation in JJA has the same nonlinear
temporal characters as the precipitation which indicates
that the precipitation across the Bayanbuluk grassland
falls mainly in JJA.

(c) There are significant warming trends for TN90p, TX90p,
TN10p, and TX10p. The frequency and intensity of the
precipitation extreme events are increasing. The
R95pTOT mainly contributes to the annual precipitation
with a linear trend 4.5 mm/10a. RX1day, R95pTOT, and
R10mm all appear a sharp decreasing trend before the
early 1980s, and after that time, they become increasing.

(d) The temperature experienced the abrupt change at the
mid-1980s. For the precipitation, there is a wetting trans-
form at the early 1980s. The climate in the Bayanbuluk
grassland has the LRD characteristic which means that
the warm-wet tendency may be continuous into the fu-
ture in this area.
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