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Based on the gridded and observed daily precipitation datasets from 1961 to 2011, changes in daily
precipitation extremes in alpine areas of the Chinese Tianshan Mountains are discussed. Four indices that
represent extreme precipitation events are selected and calculated. Maximum 5-day precipitation,
simple daily intensity index and very wet day precipitation have increased significantly by 1.18 mm,
0.09 mm/d, and 6.75 mm per decade, respectively, while consecutive dry days have decreased at a rate of
5.83 days per decade during the study period. Changes in probability distribution functions of precipi-
tation indices before and after the detected abrupt year also indicate a wetting trend. Generally, the
linear trends of precipitation indices are spatially coherent. Approximately 79.0%, 83.8%, and 98.1% of the
grid boxes show increasing trends for maximum 5-day precipitation, simple daily intensity index and
very wet day precipitation, respectively, and the proportion of decreasing trends for consecutive dry days
is 95.2%. Trends in most precipitation indices (except consecutive dry days) are highly correlated with
total precipitation trends (p < 0.0001). Significant correlations between precipitation indices and
Northern Hemisphere Annular Mode Index (also referred as Arctic Oscillation Index) in wintertime
indicate that precipitation extremes in the study area are related to the Arctic Oscillation.

� 2013 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Due to the low precipitation and high evaporation, water scar-
city is one of the core issues in arid central Asia (Vörösmarty et al.,
2000; Hoekstra et al., 2012). In the past decades, this region has
experienced a climatic and environmental change (Lioubimtseva
and Henebry, 2009), which has been widely recognized from pre-
cipitation (Small et al., 1999; Lioubimtseva et al., 2005; Schiemann
et al., 2008), runoff (Kezer and Matsuyama, 2006; Li et al., 2010),
glacier (Aizen et al., 2006; Bolch, 2007; Narama et al., 2010; Wang
et al., 2011), and permafrost (Marchenko et al., 2007; Zhao et al.,
2010a). Among these hydro-climatic variables, atmospheric pre-
cipitation plays a vital role in water budget (Getirana et al., 2011).
Warming is expected to accelerate the hydrological cycle and pre-
cipitation will increase on average (Oki and Kanae, 2006).

In arid central Asia, most precipitation takes place in high-
altitude alpine regions. For example, in Xinjiang, Northwest
China, the proportion of precipitation in mountainous areas is up
to 84% (Zhang and Zhang, 2006). The Tianshan Mountains are
).
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located in arid central Asia, and have relatively abundant rainfall,
larger than the regional mean (Schiemann et al., 2008). During the
period 1940e1991, annual precipitation has increased by 1.2 mm
per year over the Tianshan Mountains (Aizen et al., 1997). The
climate in Northwest China changed dramatically from a warm-
dry mode to a warm-wet mode around 1987, and the Chinese
Tianshan Mountains experienced the most dramatic changes
during this transition (Shi et al., 2007). Later studies have further
affirmed the general wetting trend (e.g., Zhang et al., 2012b; Wang
et al., 2011; Wang H. et al., 2013a). However, existing reports
mainly cover the low-lying plains, and the high-altitude areas are
relatively unknown in terms of recent climate changes simply due
to lack of meteorological observations. Therefore, high-altitude
areas in the Chinese Tianshan Mountains await in-depth in-
vestigations into climate change.

In order to investigate the recent changes in frequency, intensity
and duration of precipitation extremes in alpine areas of the Chi-
nese TianshanMountains, gridded and observed daily precipitation
during the period 1961e2011 were collected from the China
Meteorological Administration (CMA), and several widely-applied
indices are calculated. Changes in the selected precipitation
indices as well as the relationship between precipitation extremes
and atmospheric circulation are analyzed in this paper.
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Table 2
Definitions of precipitation indices used in this study.

Index (Unit) Descriptive name Definition

RX5day (mm) Maximum 5-day
precipitation

Annual maximum consecutive
5-day precipitation

SDII (mm/d) Simple daily intensity
index

Average daily precipitation when
precipitation � 1 mm

CDD (d) Consecutive dry days Maximum number of consecutive
days with precipitation < 1 mm

R95p (mm) Very wet day
precipitation

Annual total precipitation when
daily precipitation > 95th percentile
of days with precipitation � 1 mm
from 1961 to 2011
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2. Data and methods

2.1. Meteorological data and quality control

2.1.1. Gridded data
In this study, the gridded daily precipitation dataset (China’s

Ground Precipitation 0.5� � 0.5� Grid Dataset V2.0) is provided by
the National Meteorological Information Center (NMIC) of the
China Meteorological Administration (CMA). According to the
contour lines of 1500 m a.s.l. (above sea level), 105 grid boxes are
selected to describe the alpine areas of the Chinese Tianshan
Mountains (Fig. 1). The daily observations from 1961 to the present
at 2472 gauges over the Chinese mainland are assimilated into this
dataset. The monthly RMSE (root-mean-square error) generally
ranges from 0.2 mm to 0.8 mm, and the mean level is 0.49 mm. The
seasonal MBE (mean bias error) are �0.1, �0.3, �0.8 and �0.3 mm
per month inwinter (JJA), spring (MAM), summer (JJA) and autumn
(SON), respectively. More details about the calculation process and
error analysis are described by NMIC (2012).

2.1.2. Observed data
In order to validate the gridded data, the observed daily pre-

cipitationwas also acquired fromNMIC. In the observation network
of CMA, most meteorological stations over the Chinese Tianshan
Mountains are located at the low-lying plains. Only 12 stations
above 1500 m have maintained daily observations since 1961. In
this study, 4 of these are rejected because of data accessibility and
continuity, so 8 observational stations are selected (Fig. 1 and
Table 1). The altitude of these selected stations ranges from 1677 m
(Barkol) to 3504 m (Torugart). Monthly distributions of precipita-
tion for each station are shown in Fig. 2.
Table 1
List of observation stations with WMO (World Meteorological Organization) number, latitude, longitude, altitude, annual temperature and precipitation (standard climato-
logical normal, 1971e2010).

WMO number Station name Latitude (�N) Longitude (�E) Altitude (m) Temperature (�C) Precipitation (mm)

51705 Wuqia 39.72 75.25 2176 7.3 172.8
51701 Torugart 40.52 75.40 3504 �3.3 236.9
51711 Akqi 40.93 78.45 1985 6.5 209.9
51437 Zhaosu 43.15 81.13 1851 3.3 492.2
51542 Bayanbulak 43.03 84.15 2458 �4.5 268.8
51467 Baluntai 42.73 86.30 1739 6.4 216.4
52101 Barkol 43.60 93.05 1677 1.8 220.3
52118 Yiwu 43.27 94.70 1729 3.9 103.4
Data quality control is a prerequisite in climate change research.
For the observed daily precipitation, a series of strict quality controls
(including checks for high-low extreme values and time consis-
tency) are employed, anderrors are corrected byNMIC (Li andXiong,
2004; Wang, 2004). After that, a simple quality control is operated
using RClimDex V1 software (Zhang and Yang, 2004). Homogeneity
assessment of rawdata is processedwith RHtest V3 software (Wang,
2008). Both RClimDex V1 and RHtest V3 are obtainable from http://
etccdi.pacificclimate.org. With the help of the latter program,
possible change points in a precipitation series can be detected and
adjusted. As for the stations in this study, there is only one station
(Zhaosu)withpotential steps in 1967 and1997.However, around the
corresponding years, no valid explanation can be found in the
metadata including documented station relocation and instrument
updating. Subsequent adjustments were not applied.

2.2. Extreme precipitation indices calculation

The ETCCDI (Expert Team on Climate Change Detection and
Indices) is a joint project of the World Meteorological
Organization’s Commission for Climatology (CCl), the World
Climate Research Programme’s Climate Variability and Predict-
ability (CLIVAR), and the Joint Technical Commission for Ocean-
ography and Marine Meteorology (JCOMM). Four precipitation
indices are selected from the core indices list recommended by the
Joint CCl-CLIVAR-JCOMM ETCCDI (http://etccdi.pacificclimate.org)
(Table 2). These selected indices are widely used to assess the
changes in daily precipitation extremes (Klein Tank et al., 2006;
Caesar et al., 2011; Vincent et al., 2011; You et al., 2011; Wang S.
et al., 2013), and can be calculated using RClimDex V1 software.
Some indices in the full list which are not relevant to the high-
altitude areas are excluded in this study. For instance, the consec-
utive wet days (CWD, i.e. maximum number of consecutive days
with precipitation > 1 mm) show low values and slight variation
ranges, so the index is not discussed here.
2.3. Northern Hemisphere Annular Mode Index

Over the Chinese Tianshan Mountains, the regime is mainly
controlled by the Westerlies in the Northern Hemisphere all year-
round. Arctic Oscillation (AO) as well as North Atlantic Oscillation
(NAO) reflect the strength of the Westerlies in middle latitude of
the Northern Hemisphere (Thompson andWallace, 2000; Ogi et al.,
2003). In the positive phase of AO/NAO with enhancements of
Azores High and Icelandic Low in the North Atlantic, northern
Eurasia may receive more rainfall than the mean. Previous research
on precipitation in China also confirms this regime (Gong and Ho,
2003; Ju et al., 2005; Gu et al., 2009).

The monthly Northern Hemisphere Annular Mode Index
(NAMI, also referred as Arctic Oscillation Index, AOI) is defined as
the difference in the normalized monthly zonal-mean sea level
pressure (SLP) between 35�N and 65�N (Li and Wang, 2003). Data
from 1961 to 2011 used in this study is acquired from Li’s home-
page of the State Key Laboratory of Numerical Modeling for At-
mospheric Sciences and Geophysical Fluid Dynamics (LASG) at
http://ljp.lasg.ac.cn. Sea level pressure used in the calculation is
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Fig. 1. Locations of selected grid boxes (squares) and observation stations (points) in alpine areas of the Chinese Tianshan Mountains. Dashed lines denote China’s national
boundaries. Locations of deserts are modified from Wang et al. (2005).
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from three data sources, including Hadley Centre (1850 to pre-
sent), NCEP1 (1948 to present) and NCAR (1899 to present),
respectively.

2.4. Trend estimation and test method

The nonparametric Sen’s method (Sen, 1968) is employed to
calculate the trends for precipitation indices. A trend is considered
to be statistically significant if it is significant at the 0.05 level (if
without additional description) using a ManneKendall test
(Kendall, 1955). These nonparametric methods do not assume that
the data series is normally distributed, which is widely used in
precipitation-related research (Vincent et al., 2011). A sequential
ManneKendall test (Sneyers, 1990) is also applied to examine the
abrupt year for annual total precipitation. For correlation coeffi-
cient, Pearson’s correlation and two-tailed t-test are used. Regional
series of precipitation indices over the Chinese TianshanMountains
is calculated as an arithmetic mean of values for each station or grid
box.
Fig. 2. Monthly distributions of precipitation for observation stations in alpine areas o
3. Results

3.1. Changes in precipitation extremes

As shown in Fig. 3a and b, annual total precipitations derived
from gridded and observed data show increasing trends, respec-
tively. The trend magnitudes are 14.8 and 12.1 mm per decade,
respectively, which are statistically significant at the 0.001 level.
Their patterns are generally coherent, which can be detected from
the peaks in the late 1990s, mid 1980s and other characteristic
points. According to a sequential ManneKendall test (Fig. 3c and d),
a significant step change is found in 1992, similar to previous studies
(Li and Jiang, 2007). These results also indicate that the alpine pre-
cipitation can be described accurately using this gridded dataset.
However, the gridded precipitation is much higher than the
observed precipitation, which is mainly caused by the uneven dis-
tribution of observation stations. For the annual total precipitation
derived from the gridded dataset, 98.1% of grid boxes show positive
trends and 58.1% are statistically significant at the 0.05 level.
f the Chinese Tianshan Mountains (standard climatological normal, 1971e2010).



Fig. 3. Annual series (a and b) and sequential ManneKendall analysis result (c and d) of gridded and observed total precipitation. In a and b, dotted lines denote Sen’s estimates, and
grey dashed curves denote 10-year running averages. Q is Sen’s slope in mm per year, and a is significant level of ManneKendall test. In c and d, solid and dashed lines denote
forward and backward series, respectively, and horizontal dotted lines denote the 0.05 confidence level.
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With such a wetting trend, the extreme precipitation events
also show contemporaneous changes. According to the defini-
tions, the four precipitation indices can be divided into wet
indices (i.e. maximum 5-day precipitation, simple daily intensity
Fig. 4. Changes in maximum 5-day precipitation (a), simple daily intensity index (b), consec
lines denote Sen’s estimates, and grey dashed curves denote 10-year moving averages. Q is
ManneKendall test.
index, and very wet day precipitation) and dry indices (i.e.
consecutive dry days). Based on the gridded data, three wet
indices all have positive trends during the study period (Fig. 4a, b
and d). Maximum 5-day precipitation (RX5day) shows an
utive dry days (c) and very wet day precipitation (d) derived from gridded data. Dotted
Sen’s slope in mm, mm/d, d and mm per year respectively, and a is significant level of



Fig. 5. Probability distribution functions of maximum 5-day precipitation (a), simple daily intensity index (b), consecutive dry days (c) and very wet day precipitation (d) derived
from gridded data.

Table 3
Proportions and trend magnitudes of grid boxes with negative and positive trends
for each precipitation index derived form gridded data.

Indices Unit Increasing trend Stable Decreasing trend

Sig. &
Insig.

Sig. Sig. &
Insig.

Sig.

Proportion RX5day % 79.0 20.0 0.0 21.0 0.0
SDII % 83.8 38.1 14.3 1.9 0.0
CDD % 4.8 0.0 0.0 95.2 57.1
R95p % 98.1 30.5 0.0 1.9 0.0

Trend RX5day mm/
decade

1.60 3.09 e �0.73 e

SDII mm/d/
decade

0.12 0.18 0 �0.06 e

CDD d/decade 0.88 e e �5.83 �6.96
R95p mm/decade 6.51 9.80 e �1.24 e
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increasing trend of 1.18 mm per decade, which is statistically
significant at the 0.05 level. Simple daily intensity index (SDII)
has significantly increased at a rate of 0.09 mm/d per decade
(p < 0.01). The regional trend of very wet day precipitation
(R95p) reaches up to 6.75 mm per decade (p < 0.01). In addition,
wet indices generally show high values in the period from the
late 1960s to the early 1970s, as well as the period from the 1990s
to the early 2000s. Oppositely, the regional series of consecutive
dry days (CDD) shows a statistically significant decrease at a rate
of 5.83 days per decade, and the wave pattern is different from
the wet indices (Fig. 4c).

According to the abrupt year (1992) detected in the above sec-
tion, the probability distribution functions (PDFs) of each precipi-
tation index are calculated for two periods respectively, that is,
1961e1991 and 1992e2011 (Fig. 5). Significant shifts can be found
from the PDFs in different periods. For example, high probability
values of maximum 5-day precipitation (RX5day) have changed
from 30e40 mm to 35e45 mm between the two periods, and
probability of 50e65 mm has increased significantly (Fig. 5a). The
maximum interval of simple daily intensity index (SDII) has shifted
from 4 to 4.25 mm/d to 4.25e4.5 mm/d, and the probability of low-
SDII (lower than 4 mm/d) even has decreased to zero (Fig. 5b).
Shifts of probability distribution can also be determined for other
indices (Fig. 5c and d).

As is demonstrated in Fig. 6 and Table 3, most grid boxes for
each precipitation index exhibit the same positive or negative
trends, showing spatial coherence. For maximum 5-day precip-
itation (RX5day), about 79.0% of grid boxes show increasing
trends at a rate of 1.60 mm per decade, and 20.0% are statistically
significant at the 0.05 level. The largest trend magnitudes
generally occur at the western mountain ranges centered near
the Akqi station. For simple daily intensity index (SDII), the
percentage of grid boxes with increasing trends is up to 83.8%,
and 38.1% are statistically significant at the 0.05 level. Distinct
from other indices, 14.3% of grid boxes for SDII show stable
trends during the study period. For consecutive dry days (CDD),
95.2% of grid boxes show decreasing tendencies at �5.83 days
per decade, and statistically significant trends occur in more than
half of grid boxes (57.1%). Low-value regions for wet indices are
generally corresponding to the high-value regions for CDD. For
very wet day precipitation (R95p), 98.1% of grid boxes have
increasing trends, and 30.5% are statistically significant at the
0.05 level. The observed trends are commonly consistent with
the gridded ones.



Fig. 6. Trends in annual series formaximum5-day precipitation (a and b), simple daily intensity index (c and d), consecutive dry days (e and f) and verywet day precipitation (g and h).
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3.2. Relationship between precipitation extremes and total
precipitation

Correlations between trend magnitudes of precipitation ex-
tremes and total precipitation are presented in Fig. 7. Total
precipitations correlate positively with maximum 5-day precipi-
tation (RX5day), simple daily intensity index (SDII) and very
wet day precipitation (R95p), and consecutive dry days (CDD)
show a negative correlation with total precipitation. Correlation
coefficients between precipitation extremes and totals are 0.94,



Fig. 7. Correlation between annual magnitudes between precipitation indices and total precipitation (N ¼ 105). R is correlation coefficient, and p is significant level of t-test.

Table 4
Correlation coefficients between precipitation indices derived from gridded data
and annual/seasonal Northern Hemisphere Annular Mode Index (NAMI) from
different data sources.

Annual Winter
(DJF)

Spring
(MAM)

Summer
(JJA)

Autumn
(SON)

NAMI derived from Hadley Centre
Precipitation 0.09 0.31* 0.09 0.05 �0.02
RX5day 0.03 0.24 0.01 0.23 �0.08
SDII 0.09 0.32* 0.03 0.06 �0.09
CDD �0.33* �0.30* �0.25 �0.27 �0.32*
R95p 0.08 0.35* 0.07 0.09 �0.07
NAMI derived from NCEP1
Precipitation 0.05 0.28* 0.07 �0.01 �0.07
RX5day �0.02 0.22 0.00 0.16 �0.15
SDII 0.07 0.30* 0.04 0.01 �0.15
CDD �0.23 �0.28* �0.16 �0.15 �0.22
R95p 0.05 0.34* 0.07 0.03 �0.13
NAMI derived from NCAR
Precipitation 0.23 0.32* 0.20 0.37** 0.06
RX5day 0.16 0.28* 0.11 0.40** �0.01
SDII 0.25 0.36* 0.15 0.36** �0.01
CDD �0.29* �0.23 �0.24 �0.32* �0.24
R95p 0.24 0.38** 0.19 0.41** 0.02

*Statistically significant at the level of 0.05. ** Statistically significant at the level of
0.01.
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0.89, �0.55 and 0.98 for RX5day, SDII, CDD and R95p, respectively
(p< 0.0001). Trends in precipitation extremes are highly correlated
with total precipitation trends (Fig. 8). Correlations between trends
in total precipitation and three wet indices are 0.80, 0.74 and 0.66
for RX5day, SDII and R95p, respectively (p< 0.0001). Different from
the wet indices, trends in consecutive dry days (CDD) show an
insignificant correlationwith total precipitation (R¼ 0.16, p¼ 0.09).

The ratio between very wet day precipitation (R95p) and annual
total precipitation shows an increasing trend at a rate of approxi-
mate 1% per decade (p < 0.05) (Fig. 9). The contribution of pre-
cipitation on very wet days to total amounts ranges from 9.4% to
32.8%. Although the similar increasing trend has been reported for
other regions in China (You et al., 2008; Li et al., 2012), the trend
magnitudes in alpine areas of the Chinese Tianshan Mountains are
larger than those in previous studies.

3.3. Relationship between precipitation extremes and atmospheric
circulation

Table 4 demonstrates the correlation coefficients between pre-
cipitation extremes and Northern Hemisphere Annular Mode Index
(NAMI, also referred as Arctic Oscillation Index, AOI) derived from
three data sources (Hadley Centre, NCEP1 and NCAR). For the
annual series of precipitation extremes, consecutive dry days (CDD)
show a higher correlation coefficient than other indices, indicating
that CDD is more sensitive than others. On a seasonal basis, cor-
relation coefficients between precipitation indices and NAMI in
wintertime are highlighted, instead of other seasons. So the
precipitation extremes in this study area are greatly related to
Arctic Oscillation during the last cold season. In addition, correla-
tion coefficients derived from NCAR data are generally larger than
those from Hadley Centre and NCEP1.



Fig. 8. Correlation between annual trend magnitudes between precipitation indices and total precipitation (N ¼ 105). R is correlation coefficient, and p is significant level of t-test.
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Fig. 10 shows the distribution of correlation coefficients be-
tween precipitation indices and NAMI. Correlation coefficients for
most grid boxes show a spatial coherence, which is consistent with
the regional trend of precipitation indices. The proportion of pos-
itive coefficient is 82.9%, 90.5% and 96.2% for maximum 5-day
precipitation (RX5day), simple daily intensity index (SDII) and
very wet day precipitation (R95p), respectively, while that of
negative coefficient is 78.1% for consecutive dry days (CDD). The
Fig. 9. Regional series for the ratio between very wet day precipitation (R95p) and
annual total precipitation derived form gridded data. Q is Sen’s slope in value per year,
and a is significant level of ManneKendall test.
proportion with absolute value of coefficient larger than 0.2 is
20.0%, 39.0%, 42.9% and 40.0% for RX5day, SDII, CDD and R95p,
while that larger than 0.1 is 77.1%, 70.5%, 65.7% and 83.8%. Corre-
lation coefficients at eight observed stations are also added in
Fig. 10. The observed values generally present similar patterns as
the gridded ones.

4. Discussion and conclusions

According to the daily precipitation data in alpine areas of the
Chinese Tianshan Mountains, extreme precipitation events have
significantly changed during the period 1961e2011. Due to the
mountainous terrain, the long-term meteorological observation is
relatively limited in the Chinese Tianshan Mountains. Compared
with previous reports (Klein Tank et al., 2006), this study provides
more detailed information about the climate extremes in arid
central Asia, especially for the remote areas. Long-term changes in
the selected precipitation indices exhibit a great wetting trend with
spatial coherence over the Chinese Tianshan Mountains. Maximum
5-day precipitation, simple daily intensity index and very wet day
precipitation show a significantly increasing trend, while consec-
utive dry days have decreased during the past five decades.

Compared with previous studies (Wang B. et al., 2013; Wang H.
et al., 2013a,b; Jiang et al., 2012) covering larger areas with more
non-alpine stations in Northwest China, the Chinese Tianshan
Mountains suffer more significant changes in precipitation ex-
tremes. For example, the trend in consecutive dry days is �5.83
days per decade in the Chinese Tianshan Mountains during the



Fig. 10. Correlation coefficient between precipitation indices and wintertime Northern Hemisphere Annular Mode Index (NAMI) derived from Hadley Centre data.
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period 1961e2011. However, the trendmagnitude is just�1.72 days
per decade in Xinjiang (21.2% of stations with altitude higher than
1500 m) from 1959 to 2008 (Jiang et al., 2012). For a greater area of
Northwest Chinawhere Xinjiang belongs to, the trendmagnitude is
�2.52 (period 1960e2003) and�4.85 (period 1960e2010) days per
decade respectively in different researches (Wang H. et al.,
2013a,b). Another instance of maximum 5-day precipitation also
shows differences, and the trends in the Chinese Tianshan Moun-
tains, Xinjiang and Northwest China are 1.18 (period 1961e2011),
0.85 (period 1960e2009) and 0.98 (period 1960e2010) mm per
decade, respectively, which is statistically significant at the 0.05
level (Wang B. et al., 2013; Wang H. et al., 2013a). It is clear that the
changes in precipitation extremes in alpine areas are more signif-
icant than those in low-lying plains.

The increase of precipitation may cause a series of ecological,
environmental and social sequences (Piao et al., 2010). The Tian-
shan Mountains are the sources of a number of interior rivers in
central Asia, and most of the population lives in oasis belts at the
low-lying plains and basins. Heavy precipitation events may pro-
vide more water to the mountainous areas, and then supply river
runoff and ground water which are vital for the arid lower reaches
(Xu et al., 2008; Zhao et al., 2010b). However, rainfall enhancement
also raises the risk of flash flood and secondary disaster for human
beings. In addition, with climate warming, the cryosphere in the
Chinese Tianshan Mountains is experiencing a great melting in
the past decades (Liu et al., 2006; Wang et al., 2011). The
enhancement of atmospheric precipitation may theoretically slow
down the glacier retreat, but the influence is too weak to effectively
counteract the effect of air temperature rise (Li et al., 2011; Zhang
et al., 2012a).

The potential linkage between precipitation extremes and large-
scale atmospheric circulation is widely reported (Busuioc et al.,
2001; Wang and Zhou, 2005; Houssos et al., 2008; Toreti et al.,
2010; You et al., 2011). The trend magnitudes of precipitation ex-
tremes are greatly related to the enhanced total precipitation over
the Chinese Tianshan Mountains. The regional vapor sources are
mainly from the Atlantic Ocean and Arctic Ocean via theWesterlies.
The Northern Hemisphere Annular Mode Index, (also referred as
Arctic Oscillation Index) reflects theWesterlies inmiddle latitude of
Northern Hemisphere. Previous researches have detected the
relationship between Arctic Oscillation (North Atlantic Oscillation)
and precipitation variation (Scaife et al., 2008; Yadav et al., 2009;
Hu and Feng, 2010; Mao et al., 2011). Statistically significant cor-
relations between precipitation indices and Northern Hemisphere
Annular Mode Index occur in wintertime, which indicates the
precipitation extremes in this study area are related to the Arctic
Oscillation. However, the influence of circulation system is com-
plex, and more detailed analyses are needed for further under-
standing of the internal regimes.

Urbanization and other human process can affect the observed
meteorological records, including precipitation and evaporation
(Allan, 2011; Min et al., 2011). Differing from a densely-populated
metropolis, the anthropogenic effect may be generally slight for
the remote mountains. According to the population standard of
urban stations (50,000 or more) mentioned by Easterling et al.
(1997), the observed eight stations in this study are classified as
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urban or rural stations, respectively. As recorded in the 5th national
population census of China in 2000, the population for each town
where these stations are located is less than 50,000, and at some
remote stations is only about 4000 (Baluntai town). So, the local
human-induced changes are not the main factor influencing
climate extremes in this study.
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