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ABSTRACT: Drought evolution from 1960 to 2010 and its teleconnections were analyzed by utiliz-
ing the monthly Standardized Precipitation Evapotranspiration Index (SPEI) in the arid region of
northwestern China. To assess the temporal pattern of drought as multi-scalar events, the SPEI
was calculated for short-term (1 and 3 mo), medium-term (6 and 12 mo), and long-term droughts
(24 and 48 mo). The results showed (1) step changes occurred in 1986; droughts occurred fre-
quently before 1986, and wet periods prevailed after 1986. Generally, the period of 1973-1983
showed the highest drought activity, while 1993-1998 showed the lowest. (2) Annual and seasonal
SPEI demonstrated significant upward trends, especially for the stations around the Tarim River
Basin, implying that the study area had become wetter. (3) Interannual periods and decadal peri-
ods were observed for the whole study area and sub-regions. Moreover, patterns of period char-
acteristics became more apparent at longer time scales. (4) The Indian Ocean Basin-Wide mode
(IOBW) and Pacific Decadal Oscillation (PDO) may be the dominant forces, with the largest corre-
lation coefficients in the whole study area. For the Xinjiang region, the simultaneous Arctic Oscil-
lation (AO) and North Atlantic Oscillation (NAO) play an important role in drought evolution,
especially from January to March. Lag times between climate indices and SPEI may exist in this

arid region, and current droughts may be affected by the preceding climate indices.
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1. INTRODUCTION

Drought is a recurring extreme climate event over
land, characterized by below-normal precipitation
over a period of several months to several years, or
even a few decades (Dai 2011). Few extreme events
are as economically and ecologically disruptive as
drought, which affects millions of people in the world
annually. In fact, severe drought conditions have
serious impacts on agriculture, water resources,
tourism, ecosystems, and basic human welfare (San-
tos et al. 2010). In the arid region of northwestern
China, which is one of the driest areas of the world,
agriculture represents the main activity sector, and
the occurrence of drought dramatically affects agri-
cultural output.
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Droughts have dramatically increased in numbers
and intensity in many parts of the world. It is esti-
mated that in European Union (EU) counties, the
number of affected people has increased by 20%
over the last 3 decades (Vangelis et al. 2011). Since
1991, the yearly average economic impact of drought
in Europe is €5.3 billion, with the economic damage
of the 2003 drought in Europe accounting for at least
€8.7 billion (European Communities 2007). During
the last 2 decades, the impact of droughts in the
United States has also increased significantly, with
an increased number of droughts and an increase in
their severity (Changnon et al. 2000). From 1980 to
2003 in the United States, drought alone accounted
for 41.2% of the total cost of all weather-related dis-
asters (Ross & Lott 2003). In Australia, drought is also
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a common disaster, e.g. the 2006 drought reduced
the national winter cereal crop by 36 % (Wong et al.
2010). In Africa, drought-related disasters are partic-
ularly severe. Since the late 1960s, the Sahel semi-
arid region in west Africa between the Sahara desert
and the Guinea coast rainforest has experienced
droughts of unprecedented severity in recorded his-
tory; it has had a truly devastating impact on this eco-
logically vulnerable region (Zeng 2003, Mortimore
2010). Due partly to increasing temperatures, in-
creasing frequency of El Nino events and reductions
in the number of days with precipitation, the produc-
tion of rice, maize, and wheat in the past few decades
has declined in many parts of Asia, especially from
1999 to 2000. In fact, up to 60 million people in cen-
tral and southwest Asia were affected by a persistent
multi-year drought (Mishra & Singh 2010).

Similarly, China has also suffered severe drought
in the past few decades. Since the 1980s, the contin-
ued drought in northern China has caused enormous
losses, creating even more shortages of already-
strained water resources; blowing sand has also
increased significantly (Li 2012). For example, Yun-
nan Province and its surrounding area have suffered
a severe drought for more than 10 yr, especially since
2010 (Wang & Meng 2013). A serious drought was
also observed in eastern northwest China from 1994
to 1995, which caused the summer grain to decrease
by 32% (Zhang & Fang 1995). Droughts have oc-
curred frequently since the 1990s in northwest China,
and the average annual affected area in the 1990s
reached 3.57 x 10° ha.

Drought indices are the foundation for monitor-
ing, evaluating, and assessing drought occurrence.
Scholars have proposed various drought indices (Jin-
song et al. 2007); among them, the Palmer Drought
Severity Index (PDSI) (Vicente-Serrano et al. 2011a)
is one of the most widely utilized. Specifically, it is a
climatic water balance that considers precipitation,
evapotranspiration anomalies, and soil water-holding
capacity. The PDSI has a fixed temporal scale, which
does not permit different drought types (e.g. hydro-
logical, meteorological, agricultural, and socioeco-
nomic) to be distinguished. This is an important short-
coming in PDSI because drought is a multi-scale
phenomenon. The Standardized Precipitation Index
(SPI) is another widely used index, which can calcu-
late varying time scales and monitor droughts with
respect to different usable water resources (Lorenzo-
Lacruz et al. 2010). However, the SPI has the im-
portant disadvantage in that it is based only on pre-
cipitation data; thus, it does not consider other
critical variables, such as evapotranspiration, which

can have a marked influence on drought conditions.
For such reasons, Vicente-Serrano et al. (2010) for-
mulated a new drought index, i.e. the Standard
Precipitation Evapotranspiration Index (SPEI), based
on precipitation and potential evapotranspiration
(PET). The SPEI considers not only precipitation, but
also evapotranspiration (PET) data in its calculation,
allowing for a more complete approach to explore the
effects of climate change on drought conditions.
Some region studies, such as the NW Iberian Penin-
sula (Vicente-Serrano et al. 2011b), the Mediter-
ranean Region (Vicente-Serrano et al. 2011c), Tagus
River (Central Spain) (Lorenzo-Lacruz et al. 2010),
China (Yu et al. 2014), and Tarim River of China
(Tao et al. 2014) have indicated that the SPEI can
describe drought evolution well, and is also more
appropriate for comparing the drought severity of
diverse climates.

Atmospheric teleconnections are defined as the
distant regions affected by large scale changes in
atmospheric circulation patterns. Many indices have
been developed to measure the variability of oceanic
and atmospheric parameters. These include the
Southern Oscillation Index (SOI), the Multivariate
ENSO Index (MEI), the Pacific North American
(PNA) index, the Pacific Decadal Oscillation (PDO)
index, the North Atlantic Oscillation (NAO) index,
the Indian Ocean Basin-Wide mode (IOBW) and the
Arctic Oscillation (AO) index (Mishra & Singh 2010).
Many studies have been carried out to elucidate the
relationship between these indices and drought. For
example, Hoerling & Kumar (2003) found that the
1998-2002 prolonged and widespread drought in the
United States, southern Europe, and southwest Asia
was linked to a common oceanic influence. Barlow et
al. (2002) pointed out that drought in central and
southwest Asia is related to a combination of the pro-
longed duration of La Nina and unusually warm SSTs
in the west Pacific. SST is another factor affecting the
wet/dry conditions in northwest China: the region is
humid in a typical ENSO warm state, and dry in a
typical ENSO cold state (Su & Wang 2006). Some
investigations have also demonstrated that the
wet/dry climate in northwestern China has a signifi-
cant positive correlation with PDO (Ma & Shao 2006).
Yang & Shi (2002) showed that the spring anomalies
in Xinjiang show a good correspondence to the
Indian Ocean SSTA. The AO and NAO are important
factors affecting the climate in the Northern Hemi-
sphere, and also exert important effects on the cli-
mate of northwestern China.

Characterization of the temporal variability of
droughts can be very useful for achieving adequate
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water resource management. For this reason, this
study aims to identify the temporal patterns of
droughts within the arid region of northwestern
China. In addition, the identification of cycles of
dry and wet events in those temporal patterns was
achieved based on wavelet transform analysis.
Drought is generally driven by extremes in the natu-
ral variations of climate, which are forced by the
internal interactions of the atmosphere and feedback
from the oceans and land surfaces. Thus, this study
also evaluates the roles played by well-known large
modes of atmospheric circulation variability on the
regional inter-annual variability of drought indices in
the arid region of northwest China.

2. STUDY AREA, DATA, AND METHODS
2.1. Study area

The arid region of study is located in the north-
western part of China, ranging from 34° to 50°N and
from 73° to 108° E, including the provinces of Xin-
jlang, Gansu, the western part of Inner Mongolia,
and the northern part of Ningxia. China's northwest-
ern arid endorheic drainage basins cover a con-
siderable area of 2.53 million km?, located to the west
of the Helanshan Mountains in the Ningxia Hui
Autonomous Region, and to the west of the Ushaol-
ing Mountains in Gansu Province. Among these
basins is the Tarim Basin, Tsaidam Basin, Badanjilin
Desert, Tengger Desert, and others in the northern
Xinjiang Uygur Autonomous Regions, the Alashangqi
desert in western Inner Mongolia, and the Hexi Cor-
ridor Gobi-desert in Gansu Province (Liu et al. 2010).
The climate of the arid region is typical of inner-
continental land masses, with a wide temperature
range, low precipitation, and low humidity. The cli-
mate is dominated by continental arid conditions,
with lesser effects from the East Asian Monsoon. In
order to clearly describe the spatial distribution of
drought, the present study divides the arid region
into 4 parts, i.e. north Xinjiang, the Tianshan moun-
tain areas, south Xinjiang, and the Hexi Corridor
(Fig. 1), based on their climate characteristics and

topography.
2.2. Data
Monthly climate variables (including temperature,

daily maximum temperature, daily minimum temper-
ature, wind speed at 2 m height, relative humidity,

and daily bright sunshine hours) covering the arid
region of China were provided by National Climate
Center (NCC) of the China Meteorological Adminis-
tration (CMA). For this area, 84 stations passed the
internal homogeneity check of the China National
Meteorological Center (CNMC), including the mov-
ing t-test (Peterson et al. 1998), standard normal
homogeneity test (Alexandersson 1986), and the de-
parture accumulating method (Buishand 1982). Sta-
tions that were installed after 1960 and those with
data gaps were excluded. As a result, 75 weather
stations with records for 51 yr (January 1960 to
February 2011) were selected.

In order to identify the physical mechanisms of
circulation patterns, we selected several climate
indices that may affect drought evolution in the study
area. The AO and NAO data come from Jianping Li
(www.cru.uea.ac.uk/data/), and the MEI data are
provided by the UK Met Office (UKMO) Hadley Cen-
tre (www.metoffice.gov.uk/hadobs/hadsst2/). Monthly
PDO and IOBW series for the main teleconnections
were obtained from the JISAO website (http://jisao.
washington.edu/data_sets/) and the NCC (http://
cmdp.ncc.cma.gov.cn/cn/index.htm), respectively.

2.3. Methods

The method of computing the SPEI has been exten-
sively described in Vicente-Serrano et al. (2010).
Nevertheless, for the sake of completeness, we will
describe here the main steps for its computation.
Quantifying the SPEI is based on the following steps:
(1) calculating the potential evapotranspiration (PET);
(2) determining the accumulation of deficit and/or
surplus of a climate water balance at different time
scales (PET); and (3) normalizing the water balance
into a log-logistic probability distribution to obtain
the SPEI index series. In order to assess the time evo-
lution of drought conditions in the arid region of
northwestern China, the SPEI was calculated accord-
ing to short (1 and 3 mo), medium (6 and 12 mo), and
long (12 and 24 mo) timescales. With a value for PET
(according to the Penman equation), the difference
between precipitation (P) and PET for month j is
calculated according to:

D; = P;- PET, (1)

which provides a simple measure of water surplus or
deficit for the analyzed month. These calculated D;
values are aggregated at different time series, fol-
lowing the same procedure as that for the SPI. The
difference (ij) in a given month (j) and year (i)
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can therefore be compared with other SPEI val-
ues over time and space. For each time scale,
each drought event (the period where SPEI<-1)
can be defined according to its duration (the
time from beginning to end), severity (the SPEI
value for each month following the classifica-
tion), magnitude (the SPEI sum for each month
and for the duration of the severity), and inten-
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Fig. 1. Study area and weather stations in the arid region of north-

western China

depends on the chosen time scale (k):
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where D;,is the P-PET difference in month I of year i,
in mm.

In quantifying the SPEI it is necessary to utilize a 3
parameter distribution, since in 2 parameter distri-
butions, the variable (x) has a lower boundary of zero
(0 > x < ); whereas, in a 3 parameter distribution, the
x can take values in the range (y > x > «), where 7is
the parameter of origin of the distribution. Conse-
quently, x can have negative values, which are com-
mon in D series. To model the D, value at different
time scales, the probability density function of a 3
log-logistic distribution is used:

-2
_E(x—y)ﬁ (x—y)ﬁ

=3 L ™ 3)

where o, B, and 7y are scale, shape, and origin para-

meters, respectively, for D values in the range of (y >

D > ). The log-logistic distribution adopted for stan-
dardizing the D series for all time scales is given by:

-1
Foo=| 1429 | @)
x=v
The F(x) value is then transformed to a normal
variable by means of the following approximation:

Cy+C, +C,W? (5)

SPEI = W-
1+d, +d,W?+d,W?3

sity (the magnitude/duration of the event).

In this study, the nonparametric Mann-Kendall
method (MK) (Mann 1945, Kendall 1975) was
utilized to detect possible trends in drought
indices. The results of the MK test were heavily
affected by the serial correlation of the time series;
thus, we adopted the Yue et al. (2002) method to
remove this correlation.

The Pearson correlation was adopted to analyze
the relationship between drought time series and
climate indices. In order to explore the existence of
statistically significant oscillatory components, the
wavelet analysis was applied in the time series of
the SPEL

3. RESULTS
3.1. Inter-annual variability of regional SPEI

Fig. 2 shows the evolution of the SPEI over 6, 12,
24, and 48 mo intervals from 1960 to 2010 for the
whole study area. We also show the representatives
of the SPEI by adding a comparison between the
SPEI with the widely used drought index SPI. The
evolution of each series of SPEI and SPI was similar
(Fig.2), suggesting correlation coefficients between
SPI and SPEI in a given time scale are very high,
although some differences between them also exist
within the study period. The 1987-2005 period clearly
exhibited more dry events for SPI than those exhib-
ited using the SPEI. In contrast, the 1960-1986 and
2006-2010 periods qualified as dry using the SPEI;
this could mean lower precipitation anomalies were
recorded in the arid region of northwestern China
(Shi et al.2007).

For the whole study area, the SPEI of short time-
scales showed a high temporal frequency of dry and
moist periods. With increasing timescales, drought
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Fig. 2. Drought evolution for the Standardized Precipitation Evapotranspiration Index (SPEI) and Standardized Precipitation
Index (SPI) at different time scales ([a] 6, [b] 12, [c] 24, and [d] 48 mo) for the whole study area

and moist periods showed a lower temporal frequency
and a longer duration in the study area. Two con-
trasting periods were evident from 1960 to 2010 for
the SPEI. Wet conditions dominated from 1987 to
2010, whereas persistent drought conditions occurred
from 1960 to 1987, and were particularly severe from
1973 to 1983. The sub-regions (north Xinjiang, south
Xinjiang, and the Tianshan mountains) showed a
similar time evolution to the whole study area. For
the Hexi Corridor, basic changes of (linear trends)
SPEI were the same as the other regions, whereas
more fluctuations (positive and negatve SPEI being
adjacent to one another) were found in this region .

3.2. Spatial trends of SPEI

Fig. 3 shows the spatial distribution pattern of the
temporal trends in SPEI for the 75 meteorological sta-
tions, and Fig. 4 presents the regional annual and sea-
sonal anomaly series. For annual SPEI, about 57.3%
of the stations have significantly increasing trends.
Stations in north and south Xinjiang, especially the
stations around the Tarim River Basin, have larger
trend magnitudes. Similarly, seasonal SPEI showed
increasing trends at ~85 to 90% of the stations
(Table 1). The stations presenting larger trend magni-
tudes were also situated in Xinjiang Province. When
examining the regional trends, only the winter SPEI
had fluctuations; the annual and other seasonal SPEI
showed significant increasing trends (Fig. 4, Table 2).

As seen in Fig. 4, the annual SPEI was negative be-
fore 1986, which indicated frequent drought for these
times; then, the SPEI became positive, especially

from 1990 to 2000. Thus, the SPEI also identified step
changes around 1986, and these results were in ac-
cordance with climate (temperature and precipita-
tion) change (Shi et al. 2007). We should also note
that the SPEI showed falling trends after 2003, which
indicated that drought seemed to increase. The evo-
lution of spring, summer, and autumn droughts were
the same as the annual drought, whereas fewer
droughts were observed before 1975 in these 3 sea-
sons. As in the annual SPEI, seasonal dry (humid) pe-
riods also occurred before (after) 1986, although
more fluctuation was found in winter.

From the above mentioned results, it is clear that
the arid region of northwestern China has locally-
significant, positive, wetting trends. Many studies
have shown that precipitation has significantly in-
creased over the study area (Zhai et al. 2005, Wang
et al. 2013), which is generally consistent with these
drought trends. Soil moisture is an important factor
for agriculture drought. Wang et al. (2011) showed
that the soil moisture in most of Xinjiang had signifi-
cant upward trends, implying that the SPEI trends
were also consistent with moisture trends.

3.3. Frequency estimation with wavelet transiorm
analysis

The wavelet spectrum of wavelet transform was
used to analyze the periodic behavior of annual and
seasonal SPEI Fig. 5 presents the periodogram plots
of the SPEI patterns in the region and sub-regions.
For the whole study area (Fig. 5a), there are 5 clear
peaks in the periodogram plot, with 3.9 and 10.8 yr
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Fig. 3. Spatial decadal trends of SPEI for annual (ANN) and seasonal periods. Black triangles: significant trends at the 0.05 level

being the most significant. North Xinjiang (Fig. 5b)
has 3 clear peaks (3.2, 7.7, and 16.2 yr). The cyclical
behavior of south Xinjiang suggests that the same
pattern as the whole study area is found at small time
scales (<5 yr). Additionally, south Xinjiang has a
strong 7.7 yr period. This cyclical behavior in the
Tianshan mountain area (Fig. 5d) can be observed in
the 5.8 and 10.9 yr cycles in the SPEI index. As in the
other regions, interannual periods (4.3 yr) and
decadal periods (13 yr) are also observed in the Hexi
Corridor. Fig. 5 also shows that the periodic charac-
teristics of SPEI at different time scales are similar,
denoting that only one time scale of SPEI needs to be
applied to characterize the period. Furthermore, the
period characteristics become increasingly clear with
an increase in time scales.

3.4. Links between regional SPEI and large-scale
patterns

The relationship between climate indices and SPEI
are shown in Fig. 6. The most significant relation-
ships were observed at 12 and 24 mo scales for both
the AO and NAO, with higher correlation coeffi-
cients for AO than those of NAO. Southern Xinjiang
had closer relationships with AO and NAO, while no
significant relationships were observed in the Hexi
Corridor. The most significant relationships between
MEI and SPEI occurred in south Xinjiang and the
Hexi Corridor at the 24 mo scale. For PDO, signifi-
cant correlations were observed at every region and
every scale (except the Tianshan mountains at long
times scales), and the most significant relationships
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Fig. 4. Regional seasonal and annual time series of the SPEI for 5 yr moving average

were observed in south Xinjiang and the Hexi Corri-
dor. Significant correlations were observed for IOBW
in all regions, especially at long time scales. Thus,
AO and NAO may only influence the evolution of

Table 1. Percentage of stations with significant and insignificant positive
and negative trends for annual and seasonal drought from 1960-2010

(in parenthesis are number of stations)

drought in Xinjiang. Moreover, the PDO and IOBW
may affect the whole study area; whereas, with
MEI, only south Xinjiang and the Hexi Corridor may

be affected.

Significant
positive (%)

Insignificant
positive (%)

Significant
negative (%)

Insignificant
negative (%)

Annual 57.3 (43) 32 (24) 5.3 (4) 5.3 (4)
Spring 45.3 (34) 38.7(29) 2.7 (2) 13.3 (10)
Summer 48 (36) 37.3 (28) 2.7 (2) 12 (9)
Autumn 58.7 (44) 28 (21) 4 (3) 9.3 (7)
Winter 38.7 (29) 52 (39) 2.7 (2) 6.7 (5)
Table 2. Regional trends of the Standardized Precipitation Evapo-
transpiration Index (SPEI). *p = 0.05, **p = 0.01
All study North South Tianshan Hexi
area Xinjiang Xinjiang area Corridor

Annual 0.227** 0.283** 0.300** 0.198** 0.162*
Spring 0.153* 0.139* 0.233** 0.094 0.094
Summer  0.211** 0.254** 0.260** 0.199** 0.153*
Autumn  0.200** 0.252** 0.239** 0.178** 0.119*
Winter 0.163** 0.251** 0.172* 0.198** 0.037

Correlations between SPEI and cli-
mate indices were also analyzed at a
monthly scale (Fig. 7). For AO and
NAO, strong correlations were ob-
served from January to March, which is
the most active period for these 2 atmo-
spheric patterns. Drought was signifi-
cantly correlated with MEI and PDO
from May to August (Fig. 7). For
IOBW, more significant relationships
were observed for all months, espe-
cially at long time scales.

Annual and seasonal relationships be-
tween SPEI and climate indices are
shown in Fig. 8. The IOBW had signifi-
cant correlations with SPEI for the entire
region and all seasons. The PDO also
showed higher correlations with SPEI,
especially in spring (MAM) and summer
(JJA). The time evolutions of climate
indices and SPEI also showed that these
2 time series fit well (not shown), with
the exception of some lines.
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Drought encompasses a large number of climato-
logical parameters, such as precipitation, tempera-
ture, and evapotranspiration. Large scale atmospheric
and oceanic circulatory fluctuations have a strong
impact on drought evolution. The climatic indices
may characterize drought differently through vary-
ing considerations of precipitation, temperature, and
evapotranspiration. So, some lag times exist between
climate indices and SPEI in the arid region of north-
western China. The winter AO and NAO showed
significant influences on annual SPEI (the correlation
coefficients exceeds 0.4, not shown). Similarly, the
summer and spring IOBW and PDO have a statisti-
cally significant correlation with annual SPEI in the
study area. The seasonal SPEI and climate indices
also showed the same lag times. In this study, we only
show the relationships between current SPEI and the
latest 3 seasonal climate indices (Fig. 9). The spring
(MAM) SPEI may be affected by the latest cli-
mate indices, especially the IOBW, MEI, and PDO
(Fig. 9a,d,g). The winter AO, NAO, and IOBW have
significant relationships with the SPEI in the entire
arid region. The spring and autumn IOBW had a

significant relationship with SPEI in the Xinjiang
region; whereas, the spring and autumn MEI only
affected south Xinjiang and the Hexi Corridor. For
autumn SPEI, droughts in the Xinjiang regions may
be affected by winter AO and NAO, and by spring
and summer IOBW. Compared with other seasons,
relatively low correlation coefficients were observed
in winter; however, some significant relationships
existed with the former circulation indices only in the
Xinjiang regions.

In order to better understand drought characteris-
tics, it is also important to understand teleconnection
mechanisms. The Indian Ocean is a part of a large
warm water pool (Saji et al. 2006) and the inter-
annual SST variation in the Indian Ocean exerts a
substantial influence on the surrounding regions
(Tao et al. 2014). The Indian Ocean Basin Mode is the
first leading mode of the interannual Indian Ocean
SST variability. The tropical Pacific trade winds may
have actually strengthened over the past 2 decades,
emphasizing the role of Indian Ocean warming rela-
tive to Pacific Ocean warming in modulating the
Pacific climate changes in the 21st century (Luo et al.
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2012). Indian Ocean warming leads to precipitation
increases over most of the basin, forcing a Matsuno-
Gill pattern in the upper troposphere with a strength-
ened South Asian high (Yang et al. 2007). The water
vapor can be transported to the arid region through 2
lines. The eastern line is the vapor through the Bay of
Bengal, across the Yarlung Zangbo Grand Canyon
and the eastern Qinghai-Tibet Plateau, and then
reaching the southeastern arid areas; the West line is
vapor through the Arabian Sea, across the Kunlun
Mountains and the Pamirs, and then reaching the
central and western arid region (Bai et al. 2010).
Regarding the PDO, since this is in its warm phase
during winter, the Aleutian Low tends to be much
lower than normal, while the Mongolian High ap-
pears much stronger (but the Siberian High is
weaker). As a result, northwestern China is warmer.
During summer, the negative SLP anomalies are
much weaker in the north Pacific while positive ones
are enhanced over eastern Asia, together with a
reduced East Asian summer monsoon, a southward-

shifted Western Pacific Subtropical High, and a re-
duced equatorial trade wind. Consequently, north-
western China is wetter (Zhu & Yang 2003). The
opposite situation occurs during the PDO cool phase.
It is also found that the PDO and the IOBW can mod-
ulate the impact of ENSO events on climate varia-
bility in China. The drought histories in northwestern
China might also indicate a change in the strength of
the western and eastern branches of the northward-
moving tropical Asian monsoon. On the other hand,
it may be that the enhanced activities of ENSO have
played an important role in climate changes only in
south Xinjiang and the Hexi Corridor.

During the negative phase of the AO, the geo-
potential height at 500 hPa decreases around Lake
Baikal, the Ural blocking high develops, and merid-
ional circulation anomalies prevail over East Asia.
Such high-latitude circulation may enhance the cold
surge around Lake Baikal and cause it to shift south-
ward, indirectly causing a cold, dry climate in north-
ern China (Shen et al. 2012). During the decade in
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which the summer AO was stronger than the mean,
the East Asian summer monsoon was weaker than
normal, such that westerly flows prevailed in the
westerly zone of northwest China. This led to more
rainfall than the mean, and a wetter climate; whereas,
in its monsoon area, the northerly winds are domi-
nant and there is less precipitation than normal,
resulting in a climate that is drier than the mean
(Wang et al. 2007). NAO is considered as a form of
AO in the North Atlantic region (Kerr 1999). Thus,
NAO in an extreme negative phase could lead to a
precipitation increase in central Asia and northwest-
ern China, owing to an increase in eastward water-
vapor transport from southern Europe to northwest-
ern China. Meanwhile, the transient eddy activity
becomes intensified in the areas of the north, with a
further south route moving from Europe and central
Asia throughout northwestern China. In contrast, a
dry climate might appear in areas with the occur-
rence of an extreme positive phase of NAO (Dai et al.
2013).

3.4. Links between spatial SPEI and large-scale
patterns

Here we provide a brief overview and potential
spatial links between these large-scale patterns. In

this section, maps of the Pearson correlation coeffi-
cient for the arid region of northwestern China are
included at different time scales (3, 12, and 48 mo).
These links were evaluated for non-lagged series.
The widespread positive correlation pattern between
SPEI3 values and the AO index can be seen in south-
ern Xinjiang (Fig. 10). With the increase in time
scale, more regions in Xinjiang were observed to
have positive coefficients with the AO. The negative
and low relationship occurred in the Hexi Corridor
and western South Xinjiang. This pattern reveals an
obvious link between wet climate and the positive
phase of the AO in Xinjiang Province, particularly
over southern Xinjiang. The relationship pattern of
for the NAO was the same as that for the AO, but
with less strength than that for the AO. The MEI
index correlation maps present a less homogeneous
pattern, with positive values over south Xinjiang.
The influence of the MEI pattern on the SPEI is also
felt in the middle time scale (i.e. 12 mo) with the
largest coefficients. It is immediately noticeable that
positive PDO patterns present significant correlations
with the SPEI in south Xinjiang, whereas significant
negative correlations appeared in the Hexi Corridor
and Tianshan mountain area. As expected from the
wide basin assessment described in the previous sec-
tion, the IOBW pattern exerts the largest control,
although it gradually loses influence towards eastern
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Xinjiang. From the above analysis, we also found that
drought in Xinjiang and the Hexi Corridor may be
controlled by different atmospheric circulation, due to
the inversed correlation patterns for all climate indices.

4. CONCLUSIONS

In this study, we present a multi-scalar drought
to assess interannual- and decadal-scale drought
and the teleconnections with climate extremes. The
results are as follows:

(1) For the arid region of northwestern China, fre-
quent and long droughts occurred from 1960 to 1986;
wet climates prevailed from 1987 to 2010. Thus, 1986
is the step change point for drought in the study area.
Droughts increased in persistence during the first
26 yr, with greater numbers occurring during the
period 1973-1983.

(2) An analysis of annual and seasonal trends of
SPEI showed spatial wetting over most regions of the
study areas. The stations in Xinjiang Province pre-
sented larger trend magnitudes. When examining
regional trends, the annual and seasonal SPEI (except
for winter) showed significant increasing trends. The
annual SPEI was negative before 1986, which indi-
cated frequent drought for this period, and then
became positive, especially from 1990 to 2000. We
should also note that the SPEI showed decreased
trends after 2003, which indicated that drought
seemed to increase.

(3) Wavelet analysis was utilized to detect periodi-
cal signals of the SPEI in the arid region of north-
western China. Interannual and decadal periods
were observed for the whole study area and sub-
regions. The period characteristics at different time
scales (1 to 48 mo) were similar, suggesting that only
one time scale of SPEI was sufficient to characterize a
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particular period. With the increase in time scale,
the period characteristics seemed to become in-
creasingly clear.

(4) Significant correlations were observed between
IOBW and the whole study area and sub-regions,
especially at high time scales, suggesting that the
IOBW was the dominant pattern for the study area.

Similarly, PDO may also affect the whole study area,
whereas AO and NAO may only influence the evolu-
tion of drought in Xinjiang. Some lag times may exist
between climate indices and SPEI in the arid region
of northwestern China, and the current droughts
may be affected by the climate indices of former
seasons.
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There are uncertainties in the SPEI derived from
observationally-based station datasets. Although this
is arguably the best estimate currently available of
continuous and consistent fields of meteorological
data, there may nevertheless be unknown biases
caused by instrument errors and/or deficiencies in
the methodologies. This is especially likely in regions
of sparse instrumentation, where, for example, the
lack of weather gauges may have a major impact on
the accuracy of drought evolution. Likewise, addi-
tional research needs to be performed to identify
physical mechanisms, rather than only the correla-
tional analysis carried out in this paper.
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