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Abstract
Drought assessment would be insufficient and unreliable when using the existing indicators based on a single variable (e.g.,
precipitation) or a combination of two variables (e.g., precipitation and runoff). Therefore, the entropy theory was utilized to
develop a hybrid drought index (HDI) that combines meteorological, hydrological, and agricultural information based on
precipitation, runoff, and soil moisture data, respectively, and it was applied to characterize the drought condition in
Northwest China. Furthermore, the linkages between the atmospheric circulation anomaly/sunspot activities and the HDI series
in Northwest China were explored through cross wavelet analysis. The results indicated that (1) HDI has a good performance to
capture drought in Northwest China due to its consideration of multiple variables; (2) the annual HDI series in Northwest China
was dominated by an insignificantly upward trend, except for Xinjiang, and this trend will be the opposite in the near future; and
(3) generally, all of the sunspot activities, El Niño-Southern Oscillation (ENSO) events, AMO (Atlantic Multidecadal
Oscillation), and PDO (Pacific Decadal Oscillation) had strong associations with the HDI series in Northwest China, in which
sunspot activities had the strongest effects on drought conditions, whereas the AMO had the relatively lowest impacts. This study
sheds new light on developing the hybrid drought index, and the findings are valuable for local drought mitigation.
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Introduction

Drought is one of the most important natural hazards in the
world, and it has a high frequency and wide scope, which has
far-reaching impacts on regional economic and ecological en-
vironments (Begueria et al. 2010; Vicente-Serrano et al. 2010).
The IPCC report (2014) noted out that global climate change
resulted in the increase of surface evaporation, latent heat,
frequency of drought events, and intensified drought trends
(Griggs and Noguer 2002). According to statistics, annual
global economic losses caused by drought are approximately
US$6–8 billion (Keyantash and Dracup 2002; Wilhite 2000).
Even worse, serious drought disasters directly threaten the
social stability of a country. The characteristics and causes of
drought are critically important to the early warning and risk
analysis of drought disaster (Kogan 2000; Hayes et al. 2004).

Drought indices are important tools for analyzing and eval-
uating drought, when combined with parameters such asmois-
ture deficit ullage. They can determine the drought intensity,
the cycle, and the range of time and space (Wilhite 2000).
Over the past several decades, a number of different drought
indices have been established to assess meteorological
drought, agriculture drought, hydrologic drought, and socio-
economic drought (American Meteorological Society 1997;
Mishra and Singh 2010). They primarily include the standard-
ized precipitation index (SPI; McKee et al. 1993), Palmer
drought severity index (PDSI; Palmer 1965), and crop mois-
ture index (CMI; Palmer 1968). Among these drought indica-
tors, SPI (McKee et al. 1993) is the most commonly used
meteorological drought assessment index (Shukla et al.
2011). SPI adopts a gamma distribution to describe the precip-
itation change rule. It is then transformed into a normal distri-
bution using an equal-probability transformation (McKee et al.
1993; Edwards and McKee 1997; Mishra et al. 2009). SPI is
adaptable for analyzing drought at variable timescales with
only precipitation data. Although it is simple to characterize
drought, SPI tends to lose the connection with ground condi-
tions. Additionally, SPI fails to identify regions with a greater
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tendency to droughts (Zargar et al. 2011). PDSI (Palmer 1965)
is another widely recognized drought index (Guttman 1999;
Kim et al. 2003) that considers not only precipitation but also
evapotranspiration and soil moisture. It is more comprehen-
sive than precipitation and can reflect long-term drought.
However, it also has several drawbacks. It regard all precipi-
tation as rainwater. Therefore, it will lead to a loose drought
assessment of winter and high altitudes (Mishra and
Cherkauer 2010; Mishra and Singh 2010). In addition, there
are some assumptions that do not conform to the water balance
theory (such as evaporation hypothesis), and its sensitivity to
alternate drought is low (Liu et al. 2004; Ma et al. 2015).

In general, most existing available indices are used to eval-
uate a specific type of drought, such as meteorological
drought (rainfall), agriculture drought (soil moisture), and hy-
drologic drought (runoff) (Heim 2002), leading to an out-sync
of the drought onset and termination. A meteorological
drought assessed by the shortage in rainfall may develop and
end early, whereas the onset and termination of the corre-
sponding hydrologic drought assessed by the deficit in runoff
are relatively lagging (Pandey and Ramasastri 2001). This
might not be adequate to obtain a comprehensive idea of
drought (AghaKouchak 2015). Some scholars developed sev-
eral comprehensive drought indicators that consider multiple
variables by using a parameter method. For example, they
derived the bivariate drought indices to quantify drought by
using copulas. Kao and Govindaraju (2010) constructed a
Joint Drought Index (JDI) that considers both precipitation
and streamflow by using a copula. This method provides a
new idea of drought assessment that integrates different
drought types.

However, this method is not suitable for higher dimension-
al cases (i.e., more than three variables) due to the lack of
flexibility in the structure model (Rajsekhar et al. 2015).
Additionally, the application of copulas has a limitation in that
the data employed should satisfy an assumption. That is, the
data should follow a specific probability density function
(PDF) (Huang et al. 2014). This assumption, however, is ex-
tremely difficult to meet in reality, which results in a large
deviation for the low or high quantiles (Sharma 2000).

To overcome these limitations, this paper introduces the
entropy weight method to establish a hybrid drought index
that combines meteorological, hydrological, and agricultural
information. This method can aggregate the various drought
types into a single index. Compared with the variance, entropy
can better reflect the input data due to its probability distribu-
tion (Ebrahimi et al. 1999). It has been proven that entropy is a
better comprehensive evaluation method in evaluating the
weight of index objectively (Dionisio et al. 2007; Rajsekhar
et al. 2015), which is the major motivation of this study.

Northwest China (this paper refers to five provinces:
Shaanxi Province, Qinghai Province, Gansu Province,
Xinjiang Province, and Ningxia Province) is located in the

middle latitude of the Northern Hemisphere. This region lies
inland, far from the ocean, and it is mainly affected by the
westerly, Asian monsoon as well as the plateau monsoon.
Hence, very little water vapor from over the ocean can reach
the area (Li et al. 2011; Dai et al. 2010; Chen et al. 1998). It is
one of the driest areas of the same latitude (Gao et al. 2012).
The vast majority of the area is in arid and semi-arid
climates, with a low average precipitation and high vol-
atility. From the middle of the seventeenth century to
the beginning of twentieth century, there have been
three drought-prone time zones in China, of which the
Northwest is the most serious (Wan et al. 2013). The
northwest region is the most prone to drought in China,
and the annual losses caused by drought accounted for
4 to 6% of the GDP (Zhang et al. 2015). Some scholars
have studied the evolution of drought in the northwest
region of China (Huang et al. 2015a, b, c; Wan et al.
2014). However, most of them chose the specific single
indices mentioned previously, which were not reliable to
characterize the northwest drought with complicated fac-
tors. Therefore, it is of great significance to adopt hy-
brid indicators for the scientific and reliable assessment
of drought in Northwest China.

The primary objectives of this study are (1) to establish a
new hybrid drought index that integrates hydrological, mete-
orological, and agricultural information; (2) to fully character-
ize the drought evolution characteristics including its trend,
cycle, and persistence in Northwest China; and (3) to identify
the driving factors of drought evolution in Northwest China
from the perspective of climate change.

Study area and data

Study area

Northwest China is located in the north and northeast of the
Qinghai-Tibet Plateau and lies inland, which is far from the
sea. The water supply mainly depends on precipitation from
the atmosphere (Yang et al. 2012). This region is surrounded
by mountains with a gradually decreasing terrain from west to
east. The climate is temperate monsoon climate and temperate
continental climate. The mean annual precipitation and air
temperature in the area decrease from southeast to northwest
(Wei et al. 2014), and their distributions are not uniform. The
average precipitation in the mountainous areas varies from
400 to 800 mm, while that in the plain areas is only from 50
to 200 mm (Zhao et al. 2011). To characterize the evolution of
drought in the northwest region of China, the region is divided
into five regions (Shaanxi, Qinghai, Gansu, Xinjiang, and
Ningxia) in accordance with the zoning at the provincial level.
The regional location is shown in Fig. 1.
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Data

The hydroclimatic variables considered for deriving a com-
prehensive drought index include the precipitation (P), runoff
(R), and soil moisture (SM) for the time period of 1952–2010
on a monthly timescale in Northwest China. The Variable
Infiltration Capacity (VIC) (Liang et al. 1994, 1996) model
was used to generate the R and SM. The input files required
for running the VIC model (e.g., precipitation, wind, speed,
and temperature) were acquired from the China
Meteorological Administration (CMA) and were interpolated
into 0.25°. In the VIC model, total runoff consists of surface
runoff and base flow. The soil column is divided into three
layers with thicknesses varying from grid cell to grid cell. The
VIC model uses the variable infiltration curve to account for
the spatial heterogeneity of runoff generation, while vertical
movement of moisture through soils follows the 1D Richards
equation. Surface runoff from the upper two soil layers is
generated when infiltration exceeds the storage capacity of
the soil. Base flow is calculated as a function of soil moisture,
following the Arno model conceptualization. More details can
be found from Liang et al. (1994).

In addition, annual sunspot activity data covering 1952–
2010 were obtained from the website http://sidc.oma.be/
index.php3). In addition, the Niño 3.4 index data covering
1952–2010 were utilized to examine the correlation between
El Niño-Southern Oscillation (ENSO) events and hybrid
drought index (HDI) variations. They were acquired from
the NOAA Earth System Research Laboratory (http://www.
esrl.noaa.gov/psd/data/correlation/nina34.data). The annual
Atlantic Multidecadal Oscillation (AMO) series was
downloaded from the website http://www.esrl.noaa.gov/psd/
gcos_wgsp/Timeseries/AMO/ and annual Pacific Decadal

Oscillation (PDO) data were acquired from the Joint
Institute for the Study of the Atmosphere and Ocean
(JISAO) (http://jisao.washington.edu/pdo).

Methodologies

Entropy weight method

Entropy was widely used to measure the disorder degree of
information in the field of information theory (Lin et al. 2008).
The entropy weight is adopted to reflect the difference of the
index in different schemes. The higher the entropy weight is,
the larger the difference between the index in different scenar-
ios is, and the more useful the information provided for the
final decision is. In contrast, the difference of the index in
different schemes is less. Entropy reflects the information
contained in the objective data. The objectivity reflects how
effective the information provided by the index in the evalu-
ation is (Lin et al. 2012). The entropy weight was introduced
to provide unbiased relative weights based on the individual
variability (Waseem et al. 2015). In an evaluation problem
with n evaluating objects and m indicators, the entropy of
the ith indicator is expressed as follows:

Hi ¼ −k ∑
n

j¼1
f ijln f ij; i ¼ 1; 2;…;m ð1Þ

where fij is the frequency of the jth evaluating object in the ith
indicator, f ij ¼ rij=∑n

j¼1rij, and k = 1/lnn; if fij = 0, fijlnfij = 0.

Then, the weight of the entropy of the ith indicator can be
expressed as follows:

Fig. 1 Location of the Northwest
China and its five provinces
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Wi ¼ 1−Hi

m− ∑
m

i¼1
Hi

ð2Þ

where 0 ≤Wi ≤ 1 and ∑m
i¼1Wi ¼ 1.

The assessment method for a hybrid drought index
based on the variable fuzzy set theory

Assume that an indicator matrix with c grades and m indica-
tors can be expressed as follows:

Y ¼
< a12 a12; b12½ � ⋯ a1 c−1ð Þ; b1 c−1ð Þ

� �
> b1 c−1ð Þ

> a22 a22; b22½ � ⋯ a2 c−1ð Þ; b2 c−1ð Þ
� �

< b2 c−1ð Þ
⋯ ⋯ ⋯ ⋯ ⋯

< am2 am2; bm2½ � ⋯ am c−1ð Þ; bm c−1ð Þ
� �

< bm c−1ð Þ

2
664

3
775 ð3Þ

To conveniently calculate, Eq. (4) was used to transform
matrix Y:

yi1 ¼ ai2

yih ¼
aih þ bih

2
; h ¼ 2; 3;…; c−1ð Þ

yic ¼ bi c−1ð Þ

8><
>: ð4Þ

where aih and bih are the left and right boundary values of the
hth indicator in the ith grade, respectively.

Y ¼
y11 y12 ⋯ y1c
y21 y22 ⋯ y2c
⋯ ⋯ ⋯ ⋯
ym1 ym2 ⋯ ymc

2
664

3
775 ¼ yihð Þ ð5Þ

Suppose that xi of the ith indicator lies in [yih, yi(h + 1)], the
relative membership of xi to the hth grade is calculated as
follows:

μih uð Þ ¼ yihþ1−i hþ1ð Þxi
yihþ1−i hþ1ð Þyih

; h ¼ 1; 2;…; c−1 ð6Þ

In addition, the relative membership degree to the rest of
grades is zero. Then, the indicator matrix of the relative mem-
bership degree can be obtained.

The relative membership degree of evaluating object to h
grades is computed as

υh uð Þ ¼ ∑
m

i¼1
ωi*μih uð Þ ð7Þ

where xi denotes the weight of the ith indicator, and
∑m

i¼1ωi ¼ 1. The characteristic value of the evaluating object
is calculated as follows:

H uð Þ ¼ ∑
c

h¼1
υh uð Þ � h ð8Þ

The Mann-Kendall trend test method

TheMann-Kendall (MK) trend test method is a nonparametric
approach and is not affected by the sample value or distribu-
tion type (Hamed 2009). Thus, it is recommended by the
World Meteorological Organization (Mitchell et al. 1966),
and it has been widely used in the trend test of hydrometeo-
rology and other domains (Hamed 2008; Pasquini and
Depetris 2011; Kim and Kimball 2012; Huang et al. 2015a,
b, c, 2016). Hence, we conducted the Mann-Kendall trend test
for the annual HDI series in Northwest China. The detailed
procedures for applying the MK can be referred to Hamed
(2009). At the α confidence level, if Z is positive, the series
has a rising or increasing trend. If not, the series has a declin-
ing or decreasing trend. If the absolute value of Z is larger than
or equal to 1.64 or 1.96, it means that the time series data meet
the confidence level of 90 and 95% in the test trend,
respectively.

The rescaled range analysis

The rescaled range (R/S) analysis is a method for processing
the time sequence. The basic idea of R/S analysis is to change
the timescale of the sample sequence and research its statisti-
cal law in different timescales (Oliver and Ballester 1996;
Feng et al. 2008).

For a time series of n observations X = x1, x2,…,xn, its
average series is calculated as follows:

y τð Þ ¼ 1

τ
∑
τ

t¼1
x tð Þ τ ¼ 1; 2;… ð9Þ

where τ denotes the interval and can be any of natural number.
Its deviation is calculated as follows:

F t; τð Þ ¼ ∑
τ

t¼1
x tð Þ 1≤ t≤τ : ð10Þ

Its range is estimated as follows:

R τð Þ ¼ max
1≤ t ≤ τ

F t; τð Þ− min
1≤ t ≤ τ

F t; τð Þ ð11Þ

Its standard deviation is calculated as follows:

S τð Þ ¼ 1

τ
∑
τ

t¼1
x tð Þ−y τð Þð Þ2

����
����
1=2

ð12Þ

There is a certain linkage between its range and standard
deviation:

R τð Þ=S τð Þ ¼ Cτð ÞH ð13Þ
where C is constant and H denotes the Hurst index.

According to the Hurst exponent of different timescales,
the state and law of the time series of the object can be
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analyzed. When H = 0.5, it means that the time series are in-
dependent of each other and are completely random; when 0
<H < 0.5, it means that the time series has a long-term corre-
lation or persistence but that the future trend of the series will
be opposite to the past series. When H > 0.5, it indicates that
the time series has the characteristics of a long-range correla-
tion and that the process has persistence (Gammel 1998).
Therefore, this method can be utilized to analyze the persis-
tence of drought in Northwest China in the near future.

Wavelet analysis

Wavelet analysis is a powerful mathematical tool for non-
stationary random signals. It has been widely used to ana-
lyze regional climate characteristics and hydrological pro-
cess due to its properties of local, multi-level, and multi
resolutions (Sang and Wang 2008; Xu et al. 2011). The
wavelet function ψa,b(x) can be obtained as follows through
the expansion and translation of the mother wavelet ψ(x).
The Morlet wavelet was used as the mother wavelet to an-
alyze the hybrid drought index series in this paper, and its
expression is as follows:

ψ xð Þ ¼ 1ffiffiffiffiffiffi
2π

p 1−x2
� �

e
−x2
2 ð14Þ

where x denotes the hybrid drought index series. The wave-
let function is as follows:

ψa;b xð Þ ¼ 1ffiffiffi
a

p ψ
x−b
a

� 	
a; b∈R; a≠0 ð15Þ

where a denotes the scale expansion factor and b represents
the shift factor. Then, the definition of the continue wavelet
transform (CWT) of a signal or function f(x)∈L2(R) is as
follows:

W f a; bð Þ ¼ ∫R f xð Þψa;bdx ¼
1ffiffiffi
a

p ∫R f xð Þψ x−b
a

� 	
dx ð16Þ

where Wf(a,b) is wavelet transform coefficient. Through it,
the wavelet transform coefficient map can be obtained.
Then, the evolution characteristics of drought conditions
in Northwest China can be acquired.

The cross wavelet analysis

The cross wavelet analysis can express the interaction be-
tween the vibration components of two time series (Torrence
and Compo 1998; Jevrejeva et al. 2003). Based on the wavelet
transform of each factor, wavelet coefficients of different fac-
tors are multiplying. Then, the cross wavelet spectrum is
established. There are two time series X and Y that have wave-
let transforms WX

n sð Þ and WY
n sð Þ, respectively. The cross

wavelet transform (XWT) is defined as WY*
n sð Þ, where WXY

n

sð Þ ¼ WX
n sð ÞWY*

n sð Þ and is the complex conjugate ofWY
n sð Þ.

The cross wavelet power is further defined as WXY
n sð Þ�� ��. The

background power spectra of two time series arePX
k and PY

k .
The theoretical distribution of the cross wavelet power is giv-
en by Torrence and Compo (1998) and is shown as follows:

D
WX

n sð ÞWY*
n sð Þ

σXσY
< p

� 	
¼ Zv pð Þ

v

ffiffiffiffiffiffiffiffiffiffiffiffi
PX
k P

Y
k

q
ð17Þ

where Zν(p) is the confidence level associated with the prob-
ability p for a FDF (filtered density function) defined by the
square root of the product of two χ2 distributions (Grinsted
et al. 2004), σX and σY are the respective standard deviations
(Torrence and Compo 1998). The codes of the cross wavelet
transform can be freely downloaded from the following
webs i t e : h t t p : / /www.po l . a c . uk / home / r e s e a r ch /
waveletcoherence/.

Results and discussions

The hybrid drought index

To comprehensively and reliably assess the drought condition,
a comprehensive index system of drought assessment was
established to evaluate the temporal distribution and change
trend of the drought degree that integrated information about
the meteorological, hydrological, and agricultural drought.
Combined with the actual situation in Northwest China, the
precipitation, runoff, and soil moisture anomaly percentage
were selected to represent the factors of meteorological, hy-
drological, and agricultural drought respectively. These three
indicators were divided into five grades that ranged from no
drought to extreme drought and corresponded to drought
levels of 1, 2, 3, 4, and 5, respectively. The detailed drought
index system was established and is shown in Table 1, com-
bined with the indicator system referred to Huang et al.
(2015a, b, c).

The entropy weights reflect the variations in the degrees of
precipitation, runoff, and soil moisture. When the changes in
the index series are obvious, their entropies are small and vice
versa. The weights in the five provinces of Northwest China
were computed based on the entropy weight method and that
is presented in Table 2. It can be clearly seen that the monthly
runoff anomaly percentage series has the largest weight,
whereas the monthly soil moisture anomaly percentage series
has the smallest weight in Northwest China. The monthly
precipitation anomaly percentage series is lightly less than
the runoff. It is concluded that the changes in precipitation
and runoff are far more prominent than soil moisture in
Northwest China due to the properties of entropy weight.
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Thus, the comprehensive drought indicator primarily contains
the information of meteorological and hydrological factors. In
general, the changes in runoff and soil moisture in th enorthern
area are more obvious than are those in the southern area in
Northwest China.

According to the BThe assessment method for a hybrid
drought index based on the variable fuzzy set theory^ and
the calculated weights of the meteorological, hydrological,
and agricultural factors, the HDI in the five provinces of
Northwest China were obtained. To better identify the drought
characteristics, the HDI covering 1952–2010 and the linear
trend fitting line are plotted and displayed in Fig. 2. It can be
easily observed from Fig. 2 that the droughts are relieved in
Xinjiang and Qinghai, which is consistent with the finding of
Li et al. (2012) and Yang et al. (2013). For the condition in
Shaanxi, Gansu, and Ningxia, the observation is the opposite,
which implies that the drought conditions have an aggravating
trend in the east of Northwest China. This result is similar to
that of Cai et al. (2013).

To verify the performance of HDI, historical drought data
from the literature and yearbooks were collected and used to
compare the drought conditions identified by the developed
HDI. From Fig. 2, it can be obviously seen that five prov-
inces in Northwest China suffered from a severe drought
disaster in 1957, which is consistent with the record of
China’s disaster report: 1949–1995(Zhang and Fan 1995).
Similarly, the China’s disaster report: 1949–1995 indicated
that Shaanxi, Gansu, and Ningxia which are located in the
east of Northwest China suffered from a severe drought di-
saster in 1972 that were captured well by HDI (Fig. 2). This
demonstrates the value of the HDI and further verifies the
reliability of the constructed HDI in charactering drought
conditions.

In addition, we calculated the correlation coefficient be-
tween HDI and SPI/SRI in Northwest China. The results are
shown in Table 3. It can be easily observed from Table 3 that
the developed HDI series shows strong correlations with SPI
and SRI, which can further prove the reliability of the devel-
opedHDI series. Therefore, the developed HDI in this study is
a reliable indicator for drought characterization assessment,

and it can be used to examine the drought evolution charac-
teristics in Northwest China.

The temporal trend and persistence of drought

The MKmethod was used to calculate the temporal trend of
drought in Northwest China, and the computed trends of
annual HDI are shown in Table 4. All of the MK statistics
of drought characteristic values over the years in Northwest
China are below the critical value at the 95% significance
level. Generally, the annual drought characteristic value is
dominated by an insignificant upward trend in Northwest
China, which is consistent with Cheng and Wang (2006)
and implies that the drought risk of Northwest China is
expected to increase to a certain extent. However, the char-
acteristic value over the years in Xinjiang is mainly char-
acterized by an insignificantly decreasing trend, suggesting
that the drought risk of Xinjiang has a decreasing tendency
to a certain extent.

Through the previous analysis, Northwest China has ex-
hibited a slight drought trend over the last 59 years (1952–
2010). Investigating of the persistence of drought in the
future is thus important for drought mitigation and early
warning in Northwest China. According to BThe rescaled
range analysis^, the R/S analysis was adopted to compute
the Hurst indices of the comprehensive drought index series
in the five provinces and is displayed in Table 5. Table 5
shows that the Hurst indices of Shaanxi, Qinghai, Gansu,
and Ningxia are smaller than 0.5, indicating that the upward

Table 1 The HDI system of drought assessment in Northwest China

Drought types Drought indexes Drought grade

ND 1 LD 2 MD 3 SD 4 ED 5

Meteorological drought APMP (%) Greater than − 25 (− 25 to − 50) (−50 to − 70) (−70 to − 80) (Less than − 80)
Hydrological drought APMR (%) Greater than − 10 (− 10 to − 30) (−30 to − 50) (−50 to − 80) (Less than − 80)
Agricultural drought APMSM (%) Greater than − 10 (− 10 to − 30) (−30 to − 50) (−50 to − 80) (Less than − 80)

The APMP, APMR, and APMSM denote anomalous percentage of monthly precipitation, anomalous percentage of monthly runoff, and anomalous
percentage of monthly soil moisture, respectively. The ND, LD, MD, SD, and ED denotes no drought, light drought, moderate drought, severe drought,
and extreme drought, respectively

Table 2 The weights of the five provinces in Northwest China based on
the entropy theory

Province Precipitation Runoff Soil moisture

Shaanxi 0.4314 0.5634 0.0052

Qinghai 0.4504 0.5454 0.0042

Gansu 0.4377 0.5586 0.0037

Xinjiang 0.3255 0.6664 0.0081

Ningxia 0.3938 0.5968 0.0095
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trend of HDI will be opposite in the near future, while the
Hurst indices value of Xinjiang is equal to 0.5, implying
that the change of its HDI series is completely random and
has no obvious persistence.

The period of dry and wet conditions in Northwest
China

To analyze the periodic characteristics of drought in Northwest
China, the wavelet transform was adopted to compute the
drought period in this study. The wavelet analysis method
based on the Morlet wavelet was used and the time–frequency

Fig. 2 The annual HDI curves and its trendlines of in Shaanxi (a), Qinghai (b), Gansu (c), Xinjiang (d), and Ningxia (e), respectively. The average for
previous years is denoted by the black contour (more than is significant, blow is not significant)

Table 3 The correlation coefficient values between HDI and SPI/SRI in
Northwest China

Province Correlation coefficient
with SPI

Correlation coefficient
with SRI

Shaanxi 0.6581 0.6910

Qinghai 0.5073 0.5380

Gansu 0.6660 0.6805

Xinjiang 0.6027 0.6570

Ningxia 0.6423 0.6724

Table 4 The trends of
drought in the five
provinces

Province MK statistics

Shaanxi 0.3989

Qinghai 0.1308

Gansu 1.9226

Xinjiang − 0.8436
Ningxia 1.1771
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distribution of the annual drought characteristic values in
Northwest China is illustrated in Fig. 3. This figure reflects
the distribution of fluctuating energy in different time and fre-
quency scales. It can be seen that various timescales (cycles)
and their intensity (energy size) vary with the scales in a time
series (Hu et al. 2010). The red color represents the positive
phase, the blue color denotes the negative phase, and the yellow
and green colors are between the positive and negative phases.
The striking alternation of positive and negative phases repre-
sents the alternation of dry and wet conditions. From Fig. 3, it
can be obviously seen that a primary period of 32–34 years of

dry and wet conditions occurred in the five provinces. In addi-
tion,Xinjiang has a secondary period of approximately 19 years
and a third period of approximately 9 years. Ningxia has a
secondary period of approximately 19 years and a third period
of approximately 5 years. Some scholars deem that some of the
large-scale climatic factors have a strong influence on the con-
dition of climate and atmosphere via radiation and magnetic
field change (Dou and Yan 2013; Wang et al. 2014; Xu et al.
2015). Thus, the specific linkages between the drought condi-
tion in Northwest China and sunspot activities, the Niño3.4
index, and etc. will be investigated in the following section
based on the cross wavelet method.

Identification of possible reasons of drought

Sunspot activities, Niño 3.4 index, AMO (Atlantic Multidecadal
Oscillation), and PDO (Pacific Decadal Oscillation) are closely
associated with the Earth’s climate (Van Gee et al. 2002; Glantz
et al. 1991; Yu and Zwiers 2007; Knight et al. 2006). Therefore,

Table 5 The persistence
of drought in the five
provinces

Province Hurst index

Shaanxi 0.4255

Qinghai 0.4929

Gansu 0.4083

Xinjiang 0.4999

Ningxia 0.4404

Fig. 3 The time–frequency distribution of the annual HDI in Shaanxi (a), Qinghai (b), Gansu (c), Xinjiang (d), and Ningxia (e), respectively
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the cross wavelet transformwith theMorlet wavelet as themoth-
er wavelet was utilized to explore the relationships between the
drought variations in Northwest China and the large-scale cli-
matic factors in both the time and frequency domains. Their
cross wavelet transforms are shown in Fig. 4. Different colors
indicate the relative changes in energy density. The red and blue
colors denote the peak and valley values of energy density, re-
spectively. The value within the thick black lines denotes that the
correlation is significant at the 95% confidence level.

Sunspot activities have a statistically positive correlation
with droughts in Northwest China with a 5- to 11-year signal
in 1952–1965 at the 95% confidence level (Fig. 4a).
Additionally, sunspot activities have a statistically significant
negative correlation with HDI series in this region at the 95%
confidence level with a 9- to 14-year signal in 1965–2005,
implying that sunspot activities are closely associated with
the drought conditions in Northwest China. Similarly, Fig.
4b indicates that the Niño 3.4 has a statistically positive cor-
relation with HDI variations with a 3- to 7-year signal in
1952–1962, a 2- to 4-year signal in 1967–1975, and a 3- to
6-year signal in 1983–1996. These statistically significant
positive correlations directly demonstrate that ENSO events
play an important role in the causes of drought in Northwest
China. In addition, Fig. 4c exhibits that the AMO has a statis-
tically negative correlation with HDI series with a period of 1–
2 years in 1952–1960, a period of 2–3 years in 1967–1973, a
period of 3–4 years in 1984–1988, and a period of 1–4 years in

1996–2000 at the 95% confidence level, implying that AMO
is also closely associated with the drought conditions in
Northwest China. Additionally, it can be observed from Fig.
4d that the PDO has a statistically positive correlation with the
HDI variations in Northwest China with a 2- to 8-year signal
in 1952–1962 and a 2- to 6-year signal in 1983–1998 at the
95% confidence level. Therefore, PDO exerts a strong influ-
ence on the drought conditions in Northwest China.

Generally, sunspot activities, ENSO events, AMO, and
PDO have strong impacts on triggering drought in Northwest
China. Specifically, based on the energy distribution and range
from Fig. 4, it can be concluded that the correlation degree of
sunspot activities and drought conditions is most obvious, im-
plying that sunspot activities have the strongest effects on
drought conditions in Northwest China (Fig. 4a), whereas the
effects of ENSO events and PDO are lower than those of sun-
spot activities (Fig. 4b, c), and those of ENSO are larger than
PDO. Relatively, the AMO has the lowest impacts on drought
conditions in Northwest China (Fig. 4d).

Conclusions

The onset and termination of droughts are difficult to capture
precisely for a traditional drought index based on a single
drought variable, because drought indicators are simply de-
fined as periods with a sustained lack of water and can be

Fig. 4 The cross wavelet transforms between the annual HDI and the
sunspot number (a), Nino 3.4 index (b), AMO (c), and PDO (d). The
thick black contour designates the 5% significance level against red noise,

and the arrows denote the relative phase relationship (with in-phase
pointing right, anti-phase pointing left)
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defined differently (e.g., lack of precipitation, runoff, or soil
moisture) (Hao and AghaKouchak 2013). Thus, establishing a
reliable multiple drought indicator is important for drought
assessment and early warning. In this paper, a hybrid drought
index (HDI) was constructed using the variable fuzzy set the-
ory combining meteorological, hydrological, and agricultural
drought information, whose weights were objectively deter-
mined by using the entropy weight method. The developed
HDI was applied to examine the drought evolution character-
istics in Northwest China. Further, the temporal trend, persis-
tence, and period of drought were analyzed in this manuscript.
Furthermore, the possible causes of the drought evolution in
Northwest China were also further explored. The primary
conclusions are as follows:

1. Due to its comprehensiveness, HDI is proven to be capa-
ble of precisely capturing drought onset bymeans of com-
paring to historical drought events that occurred in
Northwest China. Therefore, the calculated HDI is a reli-
able and comprehensive indicator for drought assessment.

Generally, the annual HDI series in Northwest China is
dominated by an insignificantly upward trend except for
Xinjiang Province. The result of R/S analysis indicates
that the upward trend of HDI will be opposite in the near
future, while the drought conditions in Xinjiang are
completely random and have no obvious persistence.

2. The annual HDI in Northwest China has a striking peri-
odic variation. A primary period of 32–34 years of
drought and wet conditions was observed in the whole
region, while Xinjiang has another two periods of approx-
imately 19 and 9 years, and Ningxia also has another two
periods of approximately 19 and 5 years.

3. In general, all of the sunspot activities, Niño 3.4 index,
AMO, and PDO have strong associations with the HDI
series in Northwest China, in which sunspot activities had
the strongest effects on drought conditions, while the
AMO had the relatively lowest impacts. These factors
can be used as input variables for drought prediction due
to their correlations with the drought conditions, thus im-
proving the accuracy of drought forecasting.

In general, this study sheds new light on developing a hy-
brid drought index bymeans of the entropy weight theory, and
the findings are valuable for local drought mitigation. In this
paper, Northwest China was selected as a case study, and the
developed HDI can also be applied in other regions of the
world. There are also some shortcomings of HDI. The most
important one is the uncertainty of soil moisture data based on
the simulation of the VIC model. Its accuracy is affected by
the limited observation stations to a certain extent. We will
further improve its accuracy in the future work with more
observation stations, thus reducing the uncertainty of the de-
veloped HDI series.
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