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Abstract: Precipitation data from nine meteorological stations in arid oases of Hexi Corridor,
northwest China during 1970–2012 were analyzed to detect trends in precipitation and Standardized
Precipitation Index (SPI) at multiple time scales using linear regression, Mann–Kendall and
Spearman’s Rho tests. The results found that annual precipitation in the observed stations was rare
and fell into the arid region category according to the aridity index analysis. The monthly analysis
of precipitation found that three stations showed significant increasing trends in different months,
while on the annual level, only Yongchang station had a significant increasing trend. The analysis
of SPI-12 found three main drought intervals, i.e., 1984–1987, 1991–1992 and 2008–2011, and an
extremely dry year among the stations was recorded in 1986; the southeast and middle portions of
the study area are expected to have more precipitation and less dry conditions.
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1. Introduction

Hexi Corridor (northwest China) is a prime portion of the “Silk Road” connecting China and
Eurasian countries [1]. As they are located in the arid region, oases in this region were the main habitats
for local residents. Since the late 1960s, oases in Hexi Corridor have experienced more prominent
internal development and external extension [2]. However, highly impervious urban surfaces and
a relative simplex cultivation structure weakened their ability to resist drought, which is a severe
disaster for the arid oasis ecological system. Accurate selection of drought occurrence indicators is
indispensable for drought forecasting and contingency planning [3] to promote local socio-economic
development and water resource management.

Among various meteorological variables, precipitation is one of the most important and can
directly impact the occurrence of drought [4]. Previous studies have monitored and compared
precipitation changes at various spatio-temporal scales, e.g. using hourly and daily observations to
detect intensity trends in Portland in the United States [5], understanding change patterns at seasonal
scales in Iberia [6], Mongolia [7] and South Korea [8], and analyzing long-term data to investigate
trends over coastal countries [9–14] and monsoon regions [15,16]. In China, monthly precipitation
characteristics using data from 160 meteorological stations in China was detected and interpolated
over 1951–2002 [17]. Precipitation trend analyses using the Mann–Kendall method have been
performed in the Yangtze River [18], Yellow River [19] and Pearl River Basins [20] since the 1960s.
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Precipitation studies in Beijing area [21], Shandong province [22] and Xinjiang Uygur Autonomous
Region [23] were also monitored to provide information on climate change.

Previous studies in Hexi Corridor have monitored the glacier change and its effects on oasis
variation during 1970–2012 [2,24]. However, a comprehensive analysis of change trends and variability
in precipitation series of Hexi Corridor over the same period was lacking, which hindered further
studies of water management and oasis development planning in this region. The present study
focused on characterizing the precipitation change and drought behavior in oases of Hexi Corridor
using statistical tests and SPI. The aims of this study were to: (1) detect the change trends of
precipitation in oases of Hexi Corridor during 1970–2012; (2) research variability in precipitation
on monthly, seasonal and annual time series using linear regression, Mann–Kendall and Spearman’s
Rho methods; and (3) investigate the drought severity in oases during the study period.

2. Materials and Methods

2.1. Study Area and Data Collection

The study area (90◦11′–101◦29′ E, 37◦14′–42◦15′ N) is located amidst Xijiang Uygur Autonomous
Region, Inner Mongolia Autonomous Region and Qinghai province of northwest China, with an area
of 2.76 × 105 km2. The climate of Hexi Corridor is temperate continental with a gradual transition
between the four seasons. The annual average temperature in 1970–2012 ranged from 4–10 ◦C, and the
annual precipitation was less than 200 mm through the whole region, displaying a general decreasing
trend from the southeast to northwest.

Due to the severe living conditions, meteorological stations in Hexi Corridor were all located in
relatively large oases. Precipitation data from 1970–2012 used in this study were collected from nine
selected meteorological stations located in the main oases of Hexi Corridor, i.e., Wuwei, Yongchang,
Shandan, Zhangye, Gaotai, Jiuquan, Yumen, Guazhou and Dunhuang, from southeast to northwest
(Figure 1). All the data used in this study were obtained from the China Meteorological Data Sharing
Service System (http://data.cma.cn) in terms of monthly value, and were of good quality with no
missing values or gap throughout the study period. The datasets were investigated for randomness
and homogeneity, and autocorrelation analysis was applied to the monthly time series data of each
station. More detailed description of the selected meteorological stations is shown in Table 1.
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Table 1. Geographical descriptions of meteorological stations in the study area.

Name Station ID Longitude (◦E) Latitude (◦N) Elevation (m a.s.l.)

Wuwei 52679 102.67 37.92 1532
Yongchang 52674 101.97 38.23 1976

Shandan 52661 101.08 38.80 1765
Zhangye 52652 100.43 38.93 1483
Gaotai 52546 99.83 39.37 1332

Jiuquan 52533 98.48 39.77 1477
Yumen 52436 97.03 40.27 1526

Guazhou 52424 95.77 40.53 1171
Dunhuang 52418 94.68 40.15 1139

2.2. Aridity Index

The UNEP aridity index [25] was selected to indicate the degree of dryness of the climate in the
study area. Regions were classified from hyper-arid to humid according to the ratio of precipitation
and potential evapotranspiration (PET). The potential evapotranspiration (ETp) was estimated from
the FAO-56 Penman–Monteith (FAO-56 PM) equation, which is as follows [26]:

ETp =
0.408·∆·(Rn − G) + 900

T+273 ·U2·VPD
∆ + γ·(1 + 0.34·U2)

(1)

where ETp was the potential evapotranspiration (mm/d), ∆ was the slope of saturation vapor pressure
function (k pa/ ◦C), Rn was the net radiation (MJ/m2/d), G represented soil heat flux density
(MJ/m2/d), U2 was the average 24-h wind speed at 2 m height (m/s), and VPD was vapor pressure
deficit (k pa).

According to the results from Equation (1), the regions were classified into five climate classes,
i.e., hyper-arid (P/PET ≤ 0.05), arid (0.05 < P/PET ≤ 0.2), semi-arid (0.2 < P/PET ≤ 0.5), sub-humid
(0.5 < P/PET ≤ 0.65) and humid (P/PET > 0.65).

2.3. Standard Precipitation Index (SPI)

The Standard Precipitation Index (SPI) was applied in the present study due to its effectiveness
in drought identification and prediction of drought class transitions [27–30]. The SPI was developed
to quantify the precipitation deficit for multiple time scales (e.g., 1, 3, 6, 12, 24 and 48 months) [31].
The SPI value is based on the total volume of the precipitation for any given time scale and the
selection of the time scale is determined according to the purposes of the study. A Gamma distribution
probability was adopted to describe the probability distribution of the precipitation and an SPI value
was obtained through normal standardization [32]. Considering the location of the study area, the SPI
values obtained in this study were classified into four categories: non-dry, mildly dry, moderately dry
and severely/extremely dry (Table 2). A positive SPI implies that the observed precipitation is higher
than the mean precipitation, while a negative SPI indicated the contrary. The severe and extremely
severe drought classes were grouped for modeling purposes since transitions referring to the extremely
severe dry categories are much less frequent [33].

Table 2. The standardized precipitation index (SPI) categories based on the initial classification of
SPI values.

Class SPI Value

Non-Dry SPI ≥ 0
Mildly dry −1 < SPI < 0

Moderately dry −1.5 < SPI≤ −1
Severely/extremely dry SPI ≤ −1.5
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2.4. Statistical Methods

2.4.1. Mann–Kendall Test

The Mann–Kendall test has been widely used to test for randomness in hydrology and
climatology [34]. It is calculated via the following equation:

S =
n−1

∑
i=1

n

∑
j=i+1

sgn
(
xj − xi

)
(2)

where n is the number of data points, xi and xj are the ith and jth data values in the time series (j > i),
respectively, and sgn(xj − xi) is the sign function determined as:

sgn
(

xj − xi
)
=


+1, i f xj − xi > 0
0, i f xj − xi = 0
−1, i f xj − xi < 0

(3)

In cases when the sample size n > 10, the mean value (µ(S)) and variance (σ2(S)) are given by the
following equation:

µ(S) = 0 (4)

σ2(S) =
n(n− 1)(2n + 5)−∑m

i=1 ti(ti − 1)(2ti + 5)
18

(5)

where m is the number of tied groups and ti is the number of ties of extent i. A tied group is a set of
sample data with the same value.

In the absence of ties between the observations, the variance is calculated by the
following equation:

σ2(S) =
n(n− 1)(2n + 5)

18
(6)

The standard normal test statistic ZS is calculated as:

ZS =



S− 1√
σ2(S)

, i f S > 0

0, i f S = 0
S + 1√
σ2(S)

, i f S < 0

(7)

A positive ZS value indicates increasing trends; otherwise it represents decreasing trends. At the
5% significance level, the null hypothesis of the presence of no trend is rejected if |ZS| > 1.96.

2.4.2. Spearman’s Rho Test

Spearman’s Rho test is a non-parametric method commonly used to verify the absence of trends.
The Spearman coefficient D and the standardized test statistic ZD are obtained from the following
expressions separately [35,36]:

D =
1−

[
6 ∑n

i=1(R(Xi)− i)2
]

n(n2 − 1)
(8)

ZD = D
√

n− 2
1− D2 (9)

where n is the number of data items in the series, i is the order of the elements in the original series,
and R(Xi) is the rank of ith observation Xi in the time series.
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If ZD is a positive value, it indicates increasing trends; otherwise it shows decreasing trends.
At the 5% significance level, the null hypothesis of no trend is rejected if |ZD| > 2.08.

2.4.3. Serial Autocorrelation Test

Temporal autocorrelation analysis correlates a time series dataset with itself at different time
lags [37]. It is useful in checking randomness, locating patterns, or identifying the presence of a
periodic signal in a time series dataset. For removing serial correlation from the series, previous study
recommended pre-whitening the series before applying the Mann−Kendall and Spearman’s Rho
tests [38]. The lag-1 serial correlation coefficient of sample data xi (designated by Rh) is expressed
by [39]:

Rh =

1
n− 1 ∑n−1

i=1 (xi − µ(xi))·(xi+1 − µ(xi))

1
n ∑n

i=1(xi − µ(xi))
2

(10)

µ(xi) =
1
n

n

∑
i=1

xi (11)

where µ(xi) is the mean of sample data and n is the sample size. If Rh > 0, the time series data show
positive autocorrelation; if Rh < 0, the time series data is negative autocorrelation; if Rh = 0, the time
series data shows no autocorrelation.

For the two-sided test, the Rh was obtained by the following equation at a 95% confidence
level [39]:

Rh(95%) =

(
−1± 1.96·

√
n− 2

)
n− 1

(12)

where n is the sample size.

3. Results and Discussion

3.1. Summary of Statistical Parameters

Basic statistical parameters of monthly precipitation at the nine meteorological stations during
1970–2012 are summarized in Table 3. The minimum precipitation in the nine stations was zero,
while the maximum values varied among the observed stations. During the study period, data from
Dunhuang station in the northwest part of the study area showed the lowest mean monthly
precipitation (3.59 mm), while Yongchang station in the southeast reported the highest, 17.22 mm.
As for the coefficient of variation, the highest data was observed in Dunhuang station (105.01%),
and the lowest, 76.37%, was found at Yumen station.

Table 3. Statistical parameters of monthly precipitation at the meteorological stations during the
period 1970–2012.

Station Min (mm) Max (mm) Mean (mm) SD (mm) CV (%) Skewness Kurtosis

Wuwei 0 114.50 14.13 12.58 89.03 2.23 6.55
Yongchang 0 122.40 17.22 17.02 98.84 1.90 4.21
Shandan 0 107.80 17.04 16.60 97.42 1.67 2.48
Zhangye 0 90.30 11.02 10.78 97.82 1.82 3.52
Gaotai 0 93.20 9.39 8.50 90.52 2.41 8.05

Jiuquan 0 92.40 7.45 6.84 91.81 3.10 13.07
Yumen 0 100.1 5.84 4.46 76.37 4.04 26.97

Guazhou 0 58.30 4.23 3.79 89.60 3.19 14.21
Dunhuang 0 60.70 3.59 3.77 105.01 3.69 18.03

Analysis of the annual precipitation (Table 4) indicated that high variations occurred at the nine
meteorological stations during the study period. The highest precipitation (301.2 mm) was found in
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1983 at the Shandan station, and the lowest value of 11.60 mm occurred in 2008 at the Dunhuang station,
as mentioned above, located in the northwest of the study area, which was the most distant from the
sea and theoretically got the least precipitation. Furthermore, variations of annual precipitation varied
from 20% to 50%; the largest CV value was found at Dunhuang station (47.13%), and data recorded at
Yongchang station showed the lowest (18.19%).

Table 4. Statistical parameters of annual precipitation at the meteorological stations during the
study period.

Station Min (mm) Max (mm) Mean (mm) SD (mm) CV (%) Skewness Kurtosis

Wuwei 101.60 251.30 169.52 40.66 23.98 0.27 −0.73
Yongchang 110.50 294.60 206.58 37.57 18.19 0.28 0.42
Shandan 97.80 301.20 204.52 44.55 21.78 0.30 0.13
Zhangye 71.60 216.30 132.22 34.88 26.38 0.46 0.29
Gaotai 54.90 209.90 112.68 32.74 29.06 0.91 1.32

Jiuquan 41.40 165.60 89.28 30.39 34.03 0.82 0.11
Yumen 33.60 156.50 70.10 25.53 36.41 1.61 3.21

Guazhou 19.00 127.70 50.75 18.97 37.39 1.65 5.31
Dunhuang 11.60 105.50 43.12 20.32 47.13 1.04 1.04

3.2. Aridity Index

The calculated UNEP aridity index for the observed meteorological stations was given in Table 5.
Overall, evaporation in the study area was much greater compared to the precipitation among the
stations. Analysis of the results found that the three stations located in the northwest part (Dunhuang,
Guazhou and Yumen) had high potential evapotranspiration, which were all more than 1,400 mm/a;
while the minimum ET0 (2.44 mm/d) was found in Wuwei station, which was in the southeast end of
the study area. Therefore, the results of the aridity index were merely ranged from 0.03 at Dunhuang
and Guazhou stations to 0.22 at Yongchang station. In the study area, Dunhuang, Guazhou and Yumen
stations were classified as hyper-arid, and Yongchang station was located in the semi-arid region, the
other stations fell into the arid region according to the aridity index results.

Table 5. Aridity index calculated using FAO-56 Pemman-Monteith equation.

Station Precipitation (mm/a) ET0 (mm/d) Aridity Index Class

Wuwei 169.52 2.44 0.19 Arid
Yongchang 206.58 2.57 0.22 Semi-arid

Shandan 204.52 2.80 0.20 Arid
Zhangye 132.22 2.59 0.14 Arid
Gaotai 112.68 2.57 0.12 Arid

Jiuquan 89.28 3.06 0.08 Arid
Yumen 70.10 3.84 0.05 Hyper-arid

Guazhou 50.75 4.63 0.03 Hyper-arid
Dunhuang 43.12 3.94 0.03 Hyper-arid

3.3. Change of Precipitation at Different Time Scales

The serial correlation coefficient can verify the independence of precipitation time series. If the
time series are completely random, the autocorrelation function will be zero for all lags other than
zero [4]. Here, to accept the hypothesis that no correlation existed between the two consecutive
observations and there was no persistence in the time series, the range of Rh (95%) was from −0.33 to
0.28 according to Equation (11) (n = 43).

The lag-1 serial correlation coefficients for seasonal and annual precipitation data of the nine
meteorological stations are shown in Table 6. The coefficients ranged from −0.29 to 0.20 at the seasonal
scale, and from −0.26 to −0.03 on the annual level, and both were in the range of Rh (95%). Therefore,
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the null hypothesis was accepted during the study period. Existence of the serial correlation had few
effects on the following Mann−Kendall and Spearman’s Rho tests.

Table 6. Lag-1 serial correlation coefficients for seasonal and annual precipitation data.

Station Spring Summer Autumn Winter Annual

Wuwei 0.12 0.11 0.07 −0.26 −0.06
Yongchang 0.20 0.15 0.13 −0.05 −0.03

Shandan −0.01 −0.19 0.07 −0.29 −0.19
Zhangye 0.04 −0.22 −0.03 −0.16 −0.19
Gaotai 0.13 −0.22 0.05 0.14 −0.26

Jiuquan 0.06 −0.02 −0.16 0.05 −0.17
Yumen −0.03 −0.08 −0.12 0.22 −0.22

Guazhou −0.00 −0.09 0.04 0.12 −0.04
Dunhuang −0.05 0.03 −0.05 −0.04 −0.16

The results of Mann−Kendall, Spearman’s Rho statistical tests, and linear regression for the
monthly precipitation series over the period 1970–2012 are summarized in Table 7.

Table 7. Statistical tests for monthly precipitation data of the nine stations during 1970–2012.

Station Test
Month

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

Wuwei
ZS 1.60 −1.20 1.26 −0.60 1.02 −0.52 0.40 0.00 0.93 0.40 0.81 1.21
ZD 1.63 −1.27 1.34 −0.70 1.14 −0.69 0.38 0.11 1.03 0.42 0.75 1.37

B (mm/a) 0.25 −0.20 0.21 −0.11 0.18 −0.11 0.06 0.02 0.16 0.07 0.12 0.21

Yongchang
ZS 1.72 0.82 1.66 0.53 1.13 −0.32 1.79 −0.01 0.76 0.23 0.49 0.32
ZD 1.73 0.83 1.71 0.32 1.21 −0.30 1.86 0.05 0.87 0.24 0.40 0.45

B (mm/a) 0.26 0.13 0.26 0.05 0.19 −0.05 0.28 0.01 0.14 0.04 0.06 0.07

Shandan
ZS 2.03 * −1.36 1.48 −0.27 0.60 −0.25 1.05 −0.23 0.18 1.06 1.54 1.37
ZD 2.11 * −1.48 1.42 −0.34 0.68 −0.15 0.96 −0.18 0.15 0.93 1.66 1.32

B (mm/a) 0.08 −0.23 0.22 −0.05 0.11 −0.02 0.15 −0.03 0.02 0.15 0.25 0.20

Zhangye
ZS 1.47 0.39 0.57 −0.99 1.17 −0.78 0.00 −1.58 0.38 0.74 0.65 1.76
ZD 1.54 0.49 0.59 −0.92 1.30 −0.80 0.03 −1.58 0.28 0.45 0.61 1.70

B (mm/a) 0.24 0.08 0.09 −0.14 0.20 −0.12 0.00 −0.24 0.04 0.07 0.10 0.26

Gaotai
ZS 1.52 −0.97 1.09 −0.50 0.39 0.81 0.43 −0.86 0.37 0.39 0.33 1.29
ZD 1.83 0.27 2.54 −0.89 1.12 −0.86 −0.23 −0.52 0.22 0.78 1.00 3.19

B (mm/a) 0.28 0.04 0.37 −0.14 0.17 −0.14 −0.04 −0.08 0.03 0.12 0.16 0.45

Jiuquan
ZS 0.87 −1.27 1.66 −1.07 0.26 −0.54 0.75 −1.29 0.62 0.74 1.33 0.73
ZD 0.91 −1.26 1.73 −1.05 0.40 −0.53 0.58 −1.48 0.67 0.69 1.32 0.80

B (mm/a) 0.14 −0.20 0.26 −0.16 0.06 −0.08 0.09 −0.23 0.11 0.11 0.20 0.13

Yumen
ZS 1.96 * −0.73 2.04 * −1.54 1.11 −1.37 −0.46 −0.81 0.76 0.33 0.57 2.54 *
ZD 2.29 * −0.77 2.10 * −1.57 1.03 −1.38 −0.41 −0.94 0.86 0.40 0.64 2.79 *

B (mm/a) 0.04 −0.12 0.13 −0.24 0.16 −0.21 −0.06 −0.15 0.13 0.06 0.10 0.09

Guazhou
ZS −0.07 −0.49 1.38 −0.90 0.66 −1.19 −1.43 −1.53 0.73 −0.20 −0.18 1.70
ZD −0.07 −0.54 1.32 −0.86 0.59 −1.19 −1.29 −1.55 0.89 −0.22 −0.12 1.55

B (mm/a) −0.01 −0.09 0.20 −0.14 0.09 −0.18 −0.20 −0.24 0.14 −0.04 −0.02 0.24

Dunhuang
ZS −0.71 −1.18 1.51 −0.40 2.09 * −1.09 −1.10 −1.72 1.90 0.59 0.02 1.37
ZD −0.84 −1.50 1.72 −0.40 2.08 * −1.16 −1.12 −1.53 2.14 0.65 0.06 1.53

B (mm/a) −0.13 −0.23 0.26 −0.06 0.13 −0.18 −0.17 −0.24 0.32 0.10 0.01 0.24

ZS: Mann–Kendall test; ZD: Spearman’s Rho test; B: Slope of linear regression. Bold characters represent trends
identified by 2 statistical methods. * denotes statistically significant trends at the 5% significance level.

As shown in Table 7, most of the stations in the study area displayed no significant change trends
at thenmonth scale during 1979–2012. Only Yumen station showed significant increasing trends in
three months, i.e., January, March and December, with a change rate of +0.04, +0.13 and +0.09 mm/a,
respectively. Increasing change trends were also found at Shandan station in January with a slope
of +0.08 mm/a, and at Dunhuang station in May with an increase rate of 0.13 mm/a. The other six
stations showed no significant change patterns in monthly precipitation series.
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Seasonal and annual trends of precipitation obtained by statistical methods are given in
Table 8. Compared to the change characteristics of monthly series, the nine meteorological stations
showed more significant change patterns at the seasonal and annual scales. On the seasonal level,
both increasimg and decreasing trends were obtained in the four seasons. Yongchang, Gaotai and
Yumen stations were dominated by significant increasing trends of 0.26, 0.28 and 0.34 mm/a in Spring
season, respectively. Shandan, Gaotai, Jiuquan and Yumen stations had significant decreasing trends
of 0.05, 0.14, 0.16 and 0.24 mm/a in winter season. Wuwei, Zhangye, Guazhou and Dunhuang stations
displayed no significant change patterns in seasonal precipitation series, while at the annual scale,
Yongchang station alone showed a significant trend with a rate of +0.38 mm/a.

As the change pattern results demonstrated, significant change patterns occurred less frequently
from the monthly to annual levels. Significant decreasing trends were found at the seasonal level
(winter), while significant increasing trends were identified at the monthly, seasonal (spring) and
annual scales. Due to the location of the study area, the precipitation change was dominated
by the East Asian monsoon [40], the geopotential height increase/decrease of Siberia and Iranian
Plateau [41], the quantity of water vapor from Arabian Sea and Caspian Sea [42,43], westerly belt,
plateau monsoon [44] and sea temperature [45]. All these factors significantly impacted the quantity
and change of precipitation in the study area.

Table 8. Statistical tests for seasonal and annual precipitation data during 1970–2012.

Station Test
Season

Spring Summer Autumn Winter Annual

Wuwei
ZS 1.42 −0.28 0.54 −0.50 0.77
ZD 1.44 −0.46 0.68 −0.56 0.62

B (mm/a) 0.25 −0.20 0.21 −0.11 0.10

Yongchang
ZS 2.48 * 0.98 1.55 −0.04 2.20 *
ZD 2.60 * 1.01 1.63 0.00 2.62 *

B (mm/a) 0.26 0.13 0.26 0.05 0.38

Shandan
ZS 1.74 −0.54 0.67 −2.30 * 1.09
ZD 1.71 −0.37 0.60 −2.34 * 1.11

B (mm/a) 0.32 −0.23 0.22 −0.05 0.17

Zhangye
ZS 1.58 −0.14 −0.41 −1.49 0.15
ZD 1.66 −0.07 −0.51 −1.52 0.15

B (mm/a) 0.24 0.08 −0.09 −0.14 0.02

Gaotai
ZS 3.02 * 0.07 −0.01 −2.48 * 0.94
ZD 3.24 * 0.05 −0.06 −2.59 * 0.91

B (mm/a) 0.28 0.04 −0.37 −0.14 0.14

Jiuquan
ZS 1.60 −1.05 −0.70 −2.18 * 0.22
ZD 1.65 −1.08 −0.67 −2.21 * 0.20

B (mm/a) 0.14 −0.20 −0.26 −0.16 0.03

Yumen
ZS 2.26 * −0.74 −0.07 −1.98 * −0.02
ZD 2.15 * −0.80 −0.11 −2.07 * −0.05

B (mm/a) 0.34 −0.12 −0.31 −0.24 −0.01

Guazhou
ZS −0.70 −0.46 −1.26 −1.05 −1.02
ZD −0.72 −0.50 −1.20 −1.05 −1.05

B (mm/a) −0.01 −0.09 −0.20 −0.14 −0.16

Dunhuang
ZS −0.29 −0.05 −1.39 −1.05 −0.00
ZD −0.25 −0.03 −1.33 −1.19 −0.09

B (mm/a) −0.13 −0.23 −0.26 −0.06 −0.01

ZS: Mann–Kendall test; ZD: Spearman’s Rho test; B: Slope of linear regression. Bold characters represent trends
identified by the two statistical methods. * represents statistically significant trends at the 5% significance level.
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3.4. Analysis of SPI-12

Due to the arid location of the study area, null values recorded at the observed stations in
particular season occurred regularly. SPI at a short time interval may not be normally distributed
for the highly skewed underlying precipitation distribution, which may contain more errors when
simulating precipitation distributions in dry climates [46]. Here, SPI at a 12-month time scale for the
observed meteorological stations were plotted in Figure 2, and the drought characteristics for SPI-12 at
the observed stations were presented in Table 9 to identify long-term drought conditions.
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According to the SPI results, the total continuing drought years ranged between 1 (at Wuwei,
Yongchang, Shandan and Zhangye stations from 1991 to 1992) and 3 (at Gaotai and Guazhou stations
between 1984–1987 and 2008–2011, respectively), and generally the most severe drought year was 1986
among the stations during the study period (Table 9). Specifically, the values of most severe drought
indicated that the study area fell within severe or extreme dry conditions (SPI ≤ −1.5), which occurred
in 1992 at Wuwei and Yongchang stations with the SPI-12 value of −2.88, 1984 at Gaotai station
(−2.72), and 2009 at Dunhuang station (−2.88). Among the nine stations, the most severe drought
occurred at Guazhou station (−4.06) in 2008. The total percentage of moderate and severe/extreme
drought years during the study period ranged from 12.47% (Guazhou station) to 16.04% (Dunhuang
station). However, for severe/extreme drought, Gaotai station had the highest percentage of 8.12%,
and Guazhou station had the lowest (5.94%). Wuwei, Yongchang, Shandan, Zhangye and Dunhuang
station, together with Jiuquan and Yumen station were dominated by the same severe/extreme percent,
i.e., 6.93% and 6.34%, respectively. Overall, the rates of severe/extreme drought were generally lower
than other study areas, e.g., Peninsular Malaysia [47], Southern Italy [48], Zimbabwe in southern
Africa [49] and Iran in Central Asia [50], etc., in which various interpolation methods were used to
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detect the change pattern in the whole study area. Due to the deficiency of precipitation data in the
study area, the estimated SPI results covering the whole Hexi Corridor were not available. However,
as there were few drought monitoring studies for Hexi Corridor, the SPI results found in the present
study can be used for reference and comparison.

Table 9. Drought characteristics at a 12-month scale in the study area

Station
The most Severe Drought Percent of Drought Years during the Study Period

SPI-12 Year Moderate (%) Severe/Extreme (%)

Wuwei −2.88 1992 8.91 6.93
Yongchang −2.88 1992 8.91 6.93

Shandan −2.88 1986 8.91 6.93
Zhangye −2.88 1986 8.91 6.93
Gaotai −2.72 1984 5.94 8.12

Jiuquan −3.09 1986 6.34 6.34
Yumen −3.82 1986 6.34 6.34

Guazhou −4.06 2008 6.53 5.94
Dunhuang −2.88 2009 9.11 6.93

4. Conclusions

The main objective of this study was to detect monthly, seasonal and annual precipitation changes
and drought behavior in Hexi Corridor between 1970 and 2012. Monthly precipitation data from the
nine meteorological stations were analyzed using the Mann–Kendall test, Spearman’s Rho test and
linear regression. The results showed that precipitation in three stations had significant increasing
change rates in different months. At the seasonal scale, significant increasing or decreasing trends
varied at five stations, and four other stations displayed no significant change patterns. At the annual
level, Yongchang station alone showed a significant increasing changing trend. Three main drought
intervals were detected during the study period—an extremely dry year was found in 1986; the lowest
SPI-12 index of −4.06 was detected in 2008 at Guazhou station; and decreasing trends were found at
Guazhou and Dunhuang stations, while other stations had increasing trends for the SPI-12 series.

The results of precipitation characteristics and SPI-12 series found in this study can be conducive
to agriculture production and rational use of water resources. Further research in forecasting drought
using wavelet support vector regression models and analyzing the relationship of precipitation and
climate change are recommended.
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