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It is of great importance to construct an integrated drought indicator, which is of great importance to
drought risk assessment and decision-making. Given the fuzzy nature of drought, the variable fuzzy
set theory was applied to develop an Integrated Drought Index (IDI) combining meteorological, hydrolog-
ical, and agricultural factors across the Yellow River basin in North China. The runoff and soil moisture
were derived by driving the calibrated Variable Infiltration Capacity (VIC) model with observed atmo-
spheric forcing. Furthermore, the law of mutual change of quality and quantity was adopted to identify
qualitative change points of annual IDI series in the Yellow River basin. The results indicate that: (1) the
Integrated Drought Index (IDI) has a better performance compared with Standardized Precipitation Index
(SPI) and Standardized streamflow Index (SSFI), and it is more sensitive and effective to capture drought
onset and persistence, largely owing to its combination with the information of different drought-related
variables; (2) spatially, the middle reaches has a higher drought risk than the rest portions of the Yellow
River basin; seasonally, drought risk in spring and winter is larger than other seasons; overall, the IDI of
the basin is dominated by an insignificantly downward trend; (3) some qualitative change points of
drought were identified in the Yellow River basin, and those are primarily induced by ENSO events
and the construction of dams and reservoirs. This study proposed an alternative drought indicator cou-
pled with multivariate drought-related variables by objectively determining their weights based on the
entropy weight method, which has a great value in characterizing drought.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Drought is a kind of natural recurring hazards, which is insidi-
ous and slow-onset, and it is usually well formed before it is real-
ized as a threat (Pongracz et al., 1999). Drought can exert
enormous impacts on economy, society, and environment (WGA
(1996)). According to the Federal Emergency Management
Agency, annual drought losses in the US were estimated to be
US$ 6–8 billion (FEMA, 1995). Droughts are perceived as one of
the most cost and least understood natural hazards and impact
more people than any other types of natural hazards (Wilhite,
2000). Therefore, it is of great importance to investigate drought
evolution and its possible risk (Huang et al., 2014a,b).

Drought indices are critically important to assess and to moni-
tor drought due to their abilities to simplify complex interaction
among many climate and climate-related parameters. Indicators
allow researchers to quantitatively assess climate anomalies in
terms of their frequency, severity, duration as well as spatial extent
(Wilhite, 2000). Standardized Precipitation Index (SPI) is widely
used as an effective drought indicator for drought assessment
(Moreira et al., 2008; Mishra and Singh, 2010; Huang et al.,
2014b). It was proposed by McKee et al. (1993) and was based
on a specific window size, and monthly precipitation data are
transformed into their corresponding cumulative probabilities
which are then mapped into the standard normal distribution.
The probabilistic nature of SPI makes it be comparable between dif-
ferent locations and variables (McKee et al., 1993). Although SPI has
an extensive application in drought characterization, it can result in
some confusions because of its inconsistent results caused by differ-
ent window sizes (Vicente-Serrano and López-Moreno, 2005).
Additionally, SPI fails to explain seasonal variability characteristic,
for instance, a specific amount of precipitation should have different
meaning in wet and dry seasons (Ma et al., 2015).

In addition to SPI, Palmer Drought Severity Index (PDSI) based
on water budget accounting and relying on precipitation and tem-
perature data was developed by Palmer (1965). Since PDSI
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provides an opportunity to characterize droughts based on multi-
ple sources of data (precipitation and temperature), it soon became
a popular selection in drought characterization and is widely uti-
lized even today (Dalezios et al., 2000; Kim et al., 2003; Dai
et al., 2004). However, it has several drawbacks (Alley, 1984;
Guttman et al., 1992; Guttman, 1998). For example, its temporal
scale is not obvious, the proposed water balance model is not solid,
and its values lack a statistical (e.g. recurrence probability) and
physical meaning (e.g. required rainfall depth) (Ma et al., 2015).

Droughts can be classified into three physical types: meteoro-
logical, agricultural, and hydrological droughts with respect to
the shortages of precipitation, runoff, and soil moisture, respec-
tively (Wilhite and Glantz, 1985; American Meteorological
Society, 2004). A large number of drought indicators (e.g. the afore-
mentioned drought indices (SPI and PDSI)) only reflect one aspect
of the deficits in water resources. The current consensus among
considerable researches is that developing drought index only
based on an individual variable/index (e.g., precipitation, runoff,
or soil moisture) is probably not sufficient for reliable risk assess-
ment and reasonable decision-making (Hao and AghaKouchak,
2013). The drought conditions based on one drought-related vari-
able may be different from those based on other different variables
due to the complex physical linkages among evapotranspiration,
infiltration, base flow, direct runoff, and groundwater motion.
Moreover, droughts are impacted by cumulative effects of water
shortages over different periods of time. Therefore, information
derived from various drought-related sources is very necessary
for successful and reasonable drought assessment. Some research-
ers adopted copula function to construct a new integrated drought
index (Kao and Govindaraju, 2010; Hao and AghaKouchak, 2013).
For instance, Kao and Govindaraju (2010) used copula function to
capture the joint behavior of precipitation and streamflow to
assess droughts; Hao and AghaKouchak (2013) developed a
Multivariate Standardized Drought Index (MSDI) combining SPI
and the Standardized Soil Moisture Index (SSI) to monitor drought
based on copula function.

Nevertheless, copulas highly rely on an assumption that sam-
ples follow a given probability density function (PDF) (Huang
et al., 2014b). In practice, many problems will come up caused
by the assumption. As the complicated interactions among surface
water, vegetation, atmosphere, soil and groundwater affect
drought evolution processes, any of known distribution fails to
capture drought quantiles (Sadri and Burn, 2012). Hence, the global
assumption of copula functions tends to result in a big deviation
for the low or high quantiles (Sharma, 2000). Although construct-
ing a joint index based on copula for drought assessment provides
new ideas for developing drought index, it also leads to some devi-
ations. It is a helpful attempt to develop an integrated drought
index through determining reasonable weights of hydrological,
meteorological, and agricultural factors. Safavi et al. (2014) pro-
posed an integrated indicator for drought assessment using multi-
ple factors including meteorological, hydrological, land use and
other factors. The integrated indicator contains a lot of information
and can comprehensively reflect drought characteristics. However,
the determination of the weights is a little subjective, thereby lead-
ing to some deviations in drought monitoring. Therefore, the
entropy weight method that is an objective approach for determin-
ing weights and is widely utilized in water resources assessment
(Zou et al., 2006) was applied to construct an integrated index
for drought assessment combining meteorological, hydrological,
and agricultural factors in this study, which is the major motiva-
tion of this study.

In nature, many phenomena, concepts, and events are fuzzy. For
instance, drought and flood and flood season and non-flood season,
these concepts and phenomena are fuzzy (Li et al., 2014). Droughts
are extremely difficult to assess mainly because of the lack of a
universally accepted drought definition. As mentioned above,
droughts can be defined from a meteorological, agricultural, or
hydrological viewpoint. Obviously, it is useful to categorize and
integrate the different types of drought. However, the boundaries
which are separating these categories are normally fuzzy
(Wilhite and Glantz, 1985). Therefore, the variable fuzzy set theory
that can be used to describe vague phenomena and capture their
dynamic development processes was utilized in this study to
develop an integrated drought indicator. Additionally, according
to the law of mutual change of quality and quantity from material-
ist dialectics, the change in constantly altering things always start
with gradual accumulation of small variation (variation of quan-
tity), and it makes natural phenomena transform from one prop-
erty to another (variation of quality) when the accumulation
reaches to a certain degree (Li et al., 2014). Likewise, the develop-
ment of droughts should also obey this law. Thus, the law of
mutual change of quality and quantity based on variable fuzzy
set theory also applied to investigate drought evolution and to
detect its possible qualitative change point in the Yellow River
basin.

The Yellow River is a very famous river in the world. It ranks the
second largest river in China and the sixth largest river in the world
in terms of its length (Shiau et al., 2007). Generally, approximately
12.6 � 106 ha cultivated land and 110 million residents are in the
Yellow River basin (Shiau et al., 2007). However, the Yellow River
is frequently suffered from droughts from ancient times to present
(She and Xia, 2013). Historically, one of continuous droughts had
attacked this region in 1637–1643, and the strikingly severe
drought even directly triggered the demise of the Ming Dynasty
(Xie and Fu, 2004). Another drought occurring between late
1920s and early 1930s had impacted approximately 20 million
people, and was claimed that over 3 million lives died because of
drought-related diseases and famine (Xie and Fu, 2004). Since
the 1970s, the zero-flow phenomena occurring in the downstream
of the Yellow River have become common and obtained wide
attention. The high frequent flow interruptions during the past
30 years have caused widespread adverse impacts in agriculture,
industry, and ecology. However, to date, although some scholars
have researched drought evolution across the whole Yellow River
basin (Xie and Fu, 2004; Shiau et al., 2007; Peng et al., 2011; She
and Xia, 2013), as far as we know, all of them have assessed
drought risk based on a single drought-related variable and none
has adopted an integrated drought index to thoroughly investigate
drought evolution characteristics in the Yellow River basin.
Therefore, it is of great metric to scientifically and reasonably
assess droughts based on an aggregative indicator in the Yellow
River basin.

The rest of the paper is organized as follows. The second section
introduces the study area and data. The methodology is provided
in section three, followed by results and discussions in the fourth
section. The fifth section shows the conclusions drawn from the
study.

2. Study area and data

2.1. The Yellow River basin

Originating from the Qinghai-Tibet Plateau in the West China,
the Yellow River flows northward, turns south and then flows east-
ward, and finally discharges into the Bohai Sea. It has a length of
5464 km and a drainage area of 752,443 km2 (Shao et al., 2006).
The Yellow River basin is located between 95�E–119�E and 32�N–
41�N (Fig. 1). As Chinese ancestors have lived in this area since pre-
historic times, the Yellow River has been called as the ‘Mother
River of China’ for a long time (Fu et al., 2004). The annual precip-
itation in the Yellow River basin ranges from 123 to 1021 mm, and



Fig. 1. Location of the Yellow River basin and its eight subzones.
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its annual pan evaporation varies from 700 to 1800 mm (Shao
et al., 2006). Due to the various topographies and large area, pre-
cipitation distribution exhibits a noticeable difference. Generally,
the average annual precipitation increases from northwest to
southeast at a mean level. In order to systematically analyze
drought characteristics, the whole Yellow River basin was divided
into eight subzones based on the secondary basin boundary in
China (http://www.geodata.cn/Portal/metadata/viewMetadata.
jsp?id=210008-10263), and their zone numbers are 26, 28, 29,
31, 33, 36, 40, and 41, respectively (Fig. 1).
2.2. Simulation of runoff and soil moisture

The Variable Infiltration Capacity (VIC) model (Liang et al.,
1994, 1996) was adopted to derive the land surface hydrological
fluexs/states including runoff and soil moisture at the daily time
step. It is a semi-distributed macro-scale hydrological model char-
acterized by representing sub-grid variability in precipitation,
topography, vegetation classes, soil moisture storage capacity,
etc. (Liang et al., 1994, 1996; Nijssen et al., 1997). In addition, both
saturation and infiltration excess runoff processes are dynamically
represented in the runoff generation scheme. The model has been
widely used to investigate the changes in land surface hydrology at
various spatial scales (Nijssen et al., 2001; Sheffield and Wood,
2007; Shi et al., 2008; Pan and Wood, 2009; Leng et al., 2015a,b).
Meteorological forcing (e.g. precipitation, temperature, wind
speed) for driving the VIC model are obtained from the National
Climate Center (NCC) of China Meteorological Administration
(CMA), which were interpolated into 0.25 degree. Land surface
characteristics such as vegetation, soil, and elevation were
obtained from Nijssen et al. (2001). Six parameters, i.e. the infiltra-
tion parameter b, the second and third soil layer depths (d2, d3),
and the three parameters in baseflow scheme (Dm, Ds, Ws) were cal-
ibrated to match the long-term monthly streamflow observations
and validated against the observed soil moisture from the Global
Soil Moisture Data Bank (Robock et al., 2000). The simulations
are described in detail by Zhang et al. (2014). The dataset provides
a current state-of-art estimate of land surface fluxs/states, and has
great value in evaluating the long-term of the water balance
components. In this study, the gridded daily precipitation and sim-
ulated runoff and soil moisture from 1952–2012 was aggregated
into the monthly scale for use.

2.3. Southern oscillation index

The Southern Oscillation Index (SOI) is a standardized indicator
based on the observed sea level pressure discrepancies between
Tahiti and Darwin in Australia. It is one measure of the
large-scale fluctuations of air pressure occurring between the east-
ern and western tropical Pacific during El Niño and La Niña epi-
sodes. Therefore, the SOI index is frequently used to investigate
the linkage between El Niño/Southern Oscillation (ENSO) events
and precipitation variability (Glantz et al., 1991; Wang et al.,
2001, 2006). Hence, monthly SOI series covering 1952–2011 and
acquired from Climatic Research Unit in University of East Anglia
(http://www.cru.uea.ac.uk/cru/data/soi/) was used to investigate
the influence of ENSO events on the identified qualitative change
points of drought in the Yellow River basin.

3. Methodologies

3.1. Entropy weight method

Information entropy is the measure of the disorder extent of a
specific system and can be used to quantify the amount of useful
information among given data (Meng, 1989). When the changes
in the values of the evaluating object are obvious, their entropy
is small, indicating that these data provide numerous useful infor-
mation, and the evaluating object should obtained a high weight;
vice versa when the variations of the evaluating object are small,
and the evaluating object gains a small weight (Qiu, 2002).
Therefore, the entropy weight method is an objective approach
for weight determination. Therefore, the entropy weight method
was wisely applied in data mining (Jing et al., 2007), parameterized
defuzzification (Liu, 2007), water quality assessment (Zou et al.,
2006), etc. In this study, the entropy weight method was applied
to determine the weights of precipitation, runoff, and soil moisture
data when developing an integrated drought index.

http://www.geodata.cn/Portal/metadata/viewMetadata.jsp?id=210008-10263
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In an evaluation problem with n evaluating objects and m indi-
cators, the entropy of ith indicator is expressed as follows:

Hi ¼ �k
Xn

j¼1

f ij ln f ij; i ¼ 1;2; . . . ;m ð1Þ

where fij denotes the frequency of the ith evaluating object and the
ith indicator, and f ij ¼ rij

�Pn
j¼1rij; k ¼ 1= ln n. Suppose when

f ij ¼ 0; ln f ij ¼ 0. Then the weight of entropy of ith indicator can
be calculated as follows:

Wi ¼
1� Hi

m�
Pm

i¼1Hi
ð2Þ

where 0 6 wi 6 1;
Pm

i¼1wi ¼ 1.

3.2. Law of mutual change of quality and quantity based on fuzzy
theory

Suppose A be a fuzzy concept of natural concept, such as runoff or
precipitation. u denotes the study object and stands for annual runoff
or precipitation time series. AC and A are opposite basic fuzzy
attributes. For instance, AC is drought while A is non-drought, and
when AC denotes flood season while A is non-flood season. Their
corresponding relative membership degree are lA(u) and lAc ðuÞ,
respectively. Note that lAðuÞ þ lAc ðuÞ ¼ 1, 0 6 lAðuÞ 6 1 and
0 6 lAc ðuÞ 6 1. The relative difference degree between the opposite
basic fuzzy properties is defined as:

DðuÞ ¼ lAðuÞ � lAc ðuÞ. When D(u) = 0, the two fuzzy properties
reach to a dynamic equilibrium, which is regarded as a gradually
qualitative boundary; when D(u) = ± 1, the opposite fuzzy proper-
ties reach to mutationally qualitative point. Moreover, when
DðuÞ > 0; lAðuÞ > lAc ðuÞ, then A is the dominant property of u,
whilst AC is the secondary property; vice versa when
DðuÞ < 0; lAðuÞ < lAc ðuÞ (Chen and Guo, 2006).

Suppose the study object u has altered, after the change point it
is called C(u). Similarly, lAðCðuÞÞ þ lAc ðCðuÞÞ ¼ 1, 0 6 lAðCðuÞÞ 6 1
and 0 6 lAc ðCðuÞÞ 6 1.

The relative difference degree of C(u) to A is expressed as:

DðCðuÞÞ ¼ lAðCðuÞÞ � lAc ðCðuÞÞ ð3Þ

(1) if DðuÞ � DðCðuÞÞ < 0 and D(C(u)) – ±1, 0, the change in natu-
ral phenomena is gradually qualitative, and this variation
has exceed boundary value between quantitative and
qualitative;

(2) if DðuÞ � DðCðuÞÞ > 0 and D(C(u)) – ±1, 0, the natural phe-
nomenon is quantitative change; if DðuÞ � DðCðuÞÞ ¼ 0, the
change arrives at the dynamic equilibrium point that is a
the critical point of gradually qualitative change (Chen,
2012a,b);

(3) if DðuÞ � DðCðuÞÞ ¼ �DðuÞ, the change is mutationally quali-
tative and significant.

(4) Based on the above theory, we can investigate the evolution
of droughts and identify their possible qualitative change
points of annual Integrated Drought Index (IDI) series in
the Yellow River basin.

3.3. The assessment method based on variable fuzzy set theory

Assume an indicator matrix with c grades and m indicators
expressed as following:

Y ¼

< a12 ½a12; b12� � � � ½a1ðc�1Þ; b1ðc�1Þ� > b1ðc�1Þ

> a22 ½a22; b22� � � � ½a2ðc�1Þ; b2ðc�1Þ� < b2ðc�1Þ

� � � � � � � � � � � � � � �
< am2 ½am2; bm2� � � � ½amðc�1Þ; bmðc�1Þ� > bmðc�1Þ

2
6664

3
7775 ð4Þ
For a convenient calculation, the above matrix is transformed as
follows:

Y ¼

y11 y12 � � � y1c

y21 y22 � � � y2c

� � � � � � � � � � � �
ym1 ym2 � � � ymc

2
6664

3
7775 ¼ ðyihÞ ð5Þ

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

yi1 ¼ ai2

yih ¼ aihþbih
2 ; h ¼ 2;3; . . . ; ðc � 1Þ

yic ¼ biðc�1Þ

8><
>:

ð6Þ

Suppose xi of the ith indicator lie in ½yih; yiðhþ1Þ�, and the relative
membership of xi to the hth grade is calculated as follows:

lihðuÞ ¼
yiðhþ1Þ � xi

yiðhþ1Þ � yih
; h ¼ 1;2; . . . ; c � 1 ð7Þ

In addition, the relative membership degree to the rest of
grades is 0. Then, the indicator matrix of the relative membership
degree can be obtained.

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

thðuÞ ¼
Xm

i¼1

xi � lihðuÞ ð8Þ

where xi is the weight of the ith indicator, and
Pm

i¼1xi ¼ 1.
The characteristic value of the evaluating object is calculated as

follows:

HðuÞ ¼
Xc

h¼1

thðuÞ � h ð9Þ

And the corresponding integrated relative membership degree
is computed as:

lHðuÞ ¼
c � HðuÞ

c � 1
ð10Þ

In this study, A (a fuzzy concept mentioned in Section 3.2) rep-
resents no drought event, and its opposite property is drought.
lH(u) is between 0 and 1, when its value is close to 0, it means
the relative membership degree to no drought event is approxi-
mately 0 and it belongs to drought; vice versa when its value is
close to 1. The calculated lH(u) is the Integrated Drought Index
(IDI) in this study. The boundary values corresponding to no
drought, light drought, moderate drought, severe drought, and
extreme drought based on IDI are 1, 0.75–1, 0.5–0.75, 0.25–0.5,
and 0–0.25, respectively.

3.4. Standardized precipitation index (SPI) and standardized
streamflow index (SSFI)

In this study, we utilized the Standardized Precipitation Index
(SPI) (McKee et al., 1993) and Standardized Streamflow Index
(SSFI) (Shukla and Wood, 2008) to compare the performance of
IDI. The SPI is calculated based on probability distributions of pre-
cipitation for particular monthly time scales. In this study, the
1-month SPI was gained by fitting a gamma distribution to each
month separately. The gamma distribution was used since the dis-
tribution of monthly precipitation is extremely similar to a gamma
distribution (McKee et al., 1993). The detailed formulation of the
SPI calculation can refer to McKee et al. (1993). The calculation
procedures for SSFI are similar to the SPI but by fitting a Log
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probability density function to the specific frequency distribution
of runoff series.
3.5. The modified Mann–Kendall (MMK) trend test method

The initial Mann–Kendall (MK) trend test method recom-
mended by the World Meteorological Organization (Mitchell
et al., 1966) is a nonparametric technique to test the trend of a time
series of interest. However, the MK test results are prone to be dis-
turbed by the persistence of hydro-meteorological series. Hamed
and Rao (1998) presented a modified Mann–Kendall (MMK) trend
test by taking into account the lag-i autocorrelation to overcome
the issue of persistence. Daufresne et al. (2009) declared that the
MMK test method is more robust than MK test in capturing the
trends of hydro-meteorological series. The detailed procedures in
applying the MMK can be referred to Huang et al. (2014b).
3.6. The rescaled range (R/S) analysis

The R/S analysis was first proposed by H.E. Hurst and was uti-
lized to study the hydrological observation data of the Nile River
(Oliver and Ballester, 1996). Hereafter, R/S analysis has been
widely applied in morphology, cell reproduction, runoff, earth-
quake activity, etc. (Hosking, 1984; Wang et al., 2013). The basic
thought of the R/S analysis is to change the timescale of sample
series and investigate its statistical law under different scales
(Oliver and Ballester, 1996).

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

yðsÞ ¼ 1
s
Xs

t¼1

xðtÞ s ¼ 1;2; . . . ð11Þ

where s denotes interval, and it can be any of natural number.
Its deviation is calculated as follows:

Fðt; sÞ ¼
Xs

t¼1

xðtÞ 1 6 t 6 s ð12Þ

Its range is estimated as follows:

RðsÞ ¼max
16t6s

Fðt; sÞ � min
16t6s

Fðt; sÞ ð13Þ

And its standard deviation is calculated as:

SðsÞ ¼ 1
s
Xs

t¼1

ðxðtÞ � yðsÞÞ2
�����

�����
1=2

ð14Þ

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

RðsÞ=SðsÞ ¼ ðCsÞH ð15Þ

where C is constant, and H denotes the Hurst index.
Different Hurst indicators mean different types of time series.

When H = 0.5, it means that this series is totally independent;
when 0 < H < 0.5, it means that the future trend of the series will
be opposite to the past series, and a smaller H value indicates a
stronger persistence (Oliver and Ballester, 1996). Whilst H > 0.5,
it indicates that the future trend of the series will be consistent
with the past series, and a larger H value implies a stronger persis-
tence (Oliver and Ballester, 1996). Therefore, this method can be
utilized to analyze the persistence of drought in the Yellow River
basin in the near future.
4. Results and discussions

4.1. The weights of meteorological, hydrological and agricultural
factors in the Yellow River basin

The main motivation of this study is to construct a reliable and
reasonable integrated drought index which combines meteorolog-
ical, hydrological and agricultural factors. Thus, the first step is to
establish an indicator system of drought assessment based on
meteorological, hydrological and agricultural factors. Given the
actual situation of the Yellow River basin, monthly precipitation,
runoff, and soil moisture anomaly percentage were utilized to
build the indicator system of drought assessment in the Yellow
River basin, and the detailed indicator system was mainly referred
to Lei et al. (2014) and shown in Table 1.

The entropy weight method was used to calculate the weights
of monthly precipitation, runoff, and soil moisture anomaly per-
centage series in the Yellow River basin. The computed weights
in the eight subzones in the Yellow River basin are exhibited in
Table 2. It can be obviously seen from Table 2 that monthly runoff
anomaly percentage series has the largest weight, whilst monthly
soil moisture anomaly percentage series has the smallest weight in
the Yellow River basin. The entropy weight method was used in
this study to determine the weights of precipitation, runoff, and
soil moisture via assessing their variations degree. When their
changes are obvious, their entropies are small and their weights
are large, vice versa. Commonly, the changes in precipitation and
runoff are far more striking than soil moisture in the Yellow
River basin. For example, the coefficients of monthly precipitation,
runoff, and soil moisture series covering 1952–2012 in subzone 26
are 33.3, 7.2, and 0.7, respectively. Thus, the weight of soil mois-
ture is largely smaller than precipitation and runoff. Thus, the inte-
grated drought indicator primarily contains the information of
meteorological and hydrological factors due to the low weight of
soil moisture and its small variation. Generally, for runoff, the vari-
ation of the upstream is smaller than those of the downstream.
Conversely, their changes of precipitation and soil moisture in
the upstream are larger than those of the downstream. As men-
tioned above, approximately 12.6 � 106 ha cultivated land and
110 million residents are within the Yellow River basin (Shiau
et al., 2007), especially for the downstream that is deeply impacted
by intensifying human activities. Since runoff is sensitive to the
impact of human activities (Fu et al., 2004; Wang et al., 2006), its
variation of the upstream is smaller than that in the downstream.
4.2. The integrated drought index (IDI)

According to Section 3.3 and the calculated weights of meteoro-
logical, hydrological, and agricultural factors, the IDI of the eight
subzones were obtained. Since IDI combines the joint characteris-
tic of meteorological and hydrological factors, it should show a
new perspective. In order to present the performance of IDI, the
1-month SPI and SSFI also computed to compare with the con-
structed IDI in the whole Yellow River basin. For better comparable
visualization, SPI, SSFI, and IDI covering 2003–2012 were plotted
and displayed in Fig. 2.

It can be easily observed from Fig. 2 that IDI has a high consis-
tence with SPI and SSFI, and their correlation coefficients are as
high as 0.832 and 0.848, respectively. Additionally, their correla-
tion coefficients in the eight subzones are shown in Table 3.
Table 3 indicates that IDI has high correlation coefficients with
SPI and SSFI in the eight subzones, which further verifies the con-
sistence among the three drought indexes and the reliability of the
integrated drought index. In addition, the correlation coefficients
between IDI and SSFI are larger than those between IDI and SPI.



Table 1
The indicator system of drought assessment in the Yellow River basin.

Drought types Drought indexes Drought grade

No drought Light drought Moderate drought Severe drought Extreme drought

Meteorological drought Monthly precipitation anomaly percentage (%) >�25 �25 to �50 �50 to �70 �70 to �80 <�80
Hydrological drought Monthly runoff anomaly percentage (%) >�10 �10 to �30 �30 to �50 �50 to �80 <�80
Agricultural drought Monthly soil moisture anomaly percentage (%) >�10 �10 to �30 �30 to �50 �50 to �80 <�80

Table 2
Computed weights in the eight subzones in the Yellow River basin.

Subzone number Precipitation Runoff Soil moisture

26 0.20 0.79 0.01
28 0.25 0.74 0.01
29 0.22 0.77 0.01
31 0.27 0.71 0.02
33 0.23 0.75 0.02
36 0.24 0.70 0.06
40 0.28 0.69 0.03
41 0.21 0.74 0.05
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The primary reason is that streamflow has a larger weight than
precipitation, thus, the integrated drought index contains more
information of hydrological factor. To further demonstrate the
value of the developed IDI, the years when historical droughts
occurred during 2003–2012 in the Yellow River basin were col-
lected from census data. As YRCC (2008, 2010) indicated that the
Yellow River basin experienced a severe drought in 2007 and
2009. The two droughts in the basin were perfectly captured by
IDI shown in Fig. 2, which further verify the reliability of the con-
structed IDI.

It should be noted that the threshold of moderate drought in IDI
is 0.5 (the solid black line in Fig. 2), whilst that of SPI and SSFI is
�0.8 (the dotted black line in Fig. 2) (Hao and Aghakouchak,
2013). It can be observed from the areas covered by red oval shown
in Fig. 2 that SPI is more sensitive to capture drought onset. The
primary reason is that meteorological drought (deficit in precipita-
tion) is usually the beginning of other kinds of drought, hence, SPI
is more sensitive to capture drought onset. Moreover, the areas
covered by black rectangle shown in Fig. 2 displays that SSFI is
more capable to obtain drought persistence. Mainly due to drought
propagation and runoff generation process, hydrological drought
Fig. 2. Comparison of SPI, SSFI, and IDI in the entire Yellow River basin spanning 2003–20
the threshold of moderate drought in IDI, while the dotted black line denotes the thresh
(deficit in runoff) usually responds to meteorological drought with
some delay time and its duration tend to be longer than meteoro-
logical drought. Thus, SSFI is more capable to determine realistic
drought persistence. Generally, IDI exhibits the identification abil-
ity of drought onset similar to SPI and drought persistence similar
to SSFI, largely owing to being successfully coupled with the infor-
mation of different drought-related variables. It can be clearly seen
from Fig. 2 that in most case when SPI or SSFI identifies drought,
IDI always can capture the related drought. Besides, in the case
when both of SPI and SSFI do not detect drought, whereas IDI
can identify drought condition. The results indicates that IDI is
more sensitive and effective to capture drought owing to combin-
ing the information of meteorological, hydrological, and agricul-
tural droughts. Similarly, the comparative results among the
three kinds of drought indicators in each sub-zone in the Yellow
River basin are same as the whole basin, and their relevant figures
are omitted for brevity. Hence, IDI has the coupled advantages of
SPI and SSFI, meanwhile, reflecting a certain variation of soil mois-
ture. Therefore, the calculated IDI is a reliable and comprehensive
indicator for drought assessment, which can be adopted to scientif-
ically investigate drought evolution in the Yellow River basin.
4.3. The spatial characteristic of drought in the Yellow River basin

In order to comprehensively investigate the spatial characteris-
tic of drought in the Yellow River basin, the IDI coupled with mete-
orological, hydrological and agricultural factors was adopted in
this study. The spatial distribution of average annual IDI in the
Yellow River basin is exhibited in Fig. 3. It can be obviously
observed from Fig. 3 that the annual IDI in the Yellow River basin
has a noticeable spatial discrepancy. In general, the upstream of
the Yellow River has a lower IDI value than the middle and down-
stream, indicating that the drought risk in the upstream is smaller
12 (y-axe shows the dimensionless values of SPI, SSFI, and IDI), the solid black line is
old of moderate drought in SPI and SSFI.



Table 3
The correlation coefficients between IDI and SPI/SSFI in the eight subzones.

Subzones SPI SSFI

26 0.78 0.86
28 0.80 0.85
29 0.76 0.84
31 0.79 0.84
33 0.74 0.81
36 0.85 0.86
40 0.84 0.88
41 0.63 0.77
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than the rest parts of the basin. The middle reaches have the small-
est IDI, implying that its drought risk is highest in the Yellow River
basin. Overall, the annual IDI decreases from south to north in the
basin, which means that drought risk increases from south to
north. It should be noted here that subzone 26 primarily situated
in the Loess Plateau areas where the ecology and environment is
extremely fragile has the largest IDI value, implying that the
drought risk in this region is high. It is very difficult for this
drought-prone region to recover and improve local ecology and
environment. This result is similar to Huang et al. (2014b).

In addition to investigating the spatial distribution characteris-
tics of drought in the Yellow River basin on annual scale, we also
analyzed its spatial distribution features on seasonal scale
(Fig. 4). Obviously, the drought in spring and winter is more severe
than other seasons, and that in winter is the most severe in the
Yellow River basin, while that in summer is the least severe. For
the upstream, the drought pattern has little variation during vari-
ous seasons, whilst that of the middle and downstream of the
Yellow River has a noticeable change during different seasons. It
is worth to mention that drought of subzone 26 is more severe
than the rest parts of the basin, which is similar to its annual IDI
characteristic. In general, the drought patterns in spring and winter
are similar to the annual drought pattern.
4.4. The temporal trend and persistence of drought

The modified MK (MMK) method was adopted to calculate the
temporal trend of drought in the Yellow River basin, and the com-
puted trends of monthly IDI are shown in Table 4. Generally, the
Fig. 3. The spatial distribution of average
monthly IDI of the Yellow River basin is dominated by an insignif-
icantly downward trend, which is consistent with She and Xia
(2013), implying that the Yellow River basin has a certain tendency
toward wet and the drought risk tends to reduce. For the subzone
31 which is located in the middle and south of the basin, its IDI val-
ues in March, April, and November have a significantly decreasing
trend at 95% confidence level. The decreasing months are primarily
concentrated in March, April, October, November, and December in
the Yellow River basin. However, for February, the basin is mainly
characterized by an insignificantly increasing trend. On the whole,
the decreasing trend of IDI in the middle stream is more obvious
than the rest parts of the basin. Furthermore, the trends of annual
IDI in the eight subzones are exhibited in Table 5.

Table 5 indicates that the whole Yellow River basin is character-
ized by an insignificantly decreasing annual IDI except for subzone
31 that is situated in the middle and southern basin and character-
ized by a significantly decreasing annual IDI at 95% confidence
level. In order to further know the persistence of drought in the
near future, which is of great significance to drought mitigation
and water resources management, the R/S analysis was used to
compute the Hurst indexes of the IDI series in the eight subzones,
which are shown in Table 5. The Hurst indexes of subzone 26, 29,
and 41 are larger than 0.5, implying that the decreasing trends of
IDI in the headwaters area and middle stream will be persistent
in the near future, whilst Hurst indexes of subzone 28, 33, 36
and 40 are smaller than 0.5, indicating that the downward trend
of IDI in the section between Tangnaihai and Lanzhou stations
and the downstream will be opposite in the near future.
Regarding subzone 31, the Hurst index of its IDI series is 0.5, imply-
ing that this IDI series is totally independent and no obvious persis-
tence of drought can be obtained.
4.5. Identification of qualitative change points of drought and possible
reasons

As materialist dialectics indicates, natural events often begin
with quantitative change, and it will lead to qualitative change
when the accumulation of quantitative change reaches to a certain
degree. Therefore, it is very necessary to identify quantitative
change points of drought in the Yellow River basin, which helps
to reveal drought evolution, thereby promoting local drought
annual IDI in the Yellow River basin.



Fig. 4. The spatial distribution of average seasonal IDI in the Yellow River basin, a, b, c, and d represent spring, summer, autumn, and winter, respectively.

Table 4
The trends of monthly IDI in the eight subzones in the Yellow River basin.

Subzones January February March April May June July August September October November December

26 0.55 0.50 �0.62 �1.92 1.04 1.12 �0.94 �2.05* 0.26 �1.19 �0.88 �1.21
28 �0.11 0.71 �1.25 �1.48 �0.04 �0.40 �0.27 �0.55 0.58 �1.12 �1.04 �1.19
29 0.57 0.91 �1.22 �2.48* �0.22 0.47 �0.63 �1.28 �0.23 �1.29 �1.57 �1.29
31 �0.04 0.65 �2.15* �2.65* �0.90 0.22 �1.15 0.14 0.47 �0.65 �2.12* �0.93
33 �1.64 �0.47 0.02 �1.45 �0.13 1.50 �0.90 �0.32 0.18 �0.30 �1.66 �1.44
36 �0.73 0.55 �0.88 �0.62 2.50* 0.14 0.43 0.30 0.73 �1.44 �1.09 �0.16
40 �0.73 �0.11 �1.38 �1.86 0.66 �0.47 0.55 �0.10 0.86 �0.42 �1.80 �0.83
41 0.18 �0.18 1.57 0.04 �0.09 �0.28 0.40 �0.29 �0.72 �0.14 �0.91 0.26

* Denotes significant at 95% confident levels.

Table 5
The trends and persistence of drought in the eight subzones.

Subzones Annual IDI Hurst index

26 �0.13 0.51
28 �1.33 0.45
29 �1.51 0.52
31 �2.34* 0.50
33 �0.88 0.48
36 �0.13 0.40
40 �1.30 0.46
41 �0.27 0.52

* Denotes significant at 95% confident levels.

Table 6
The qualitative change points of drought in the eight subzones.

Subzones Number Qualitative change points

26 3 1957, 1981, 1999
28 1 2005
29 3 1980, 1982, 2005
31 0 –
33 1 1980
36 4 1960, 1970, 1986, 1988
40 2 1978, 1999
41 1 1969
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management and mitigation. According to the law of mutual
change of quality and quantity and variable fuzzy set theory out-
lined in Section 3.2, the qualitative change points of drought in
the eight subzones were calculated and shown in Table 6.
Table 6 indicates that the Yellow River basin has a noticeable spa-
tial characteristic in terms of the qualitative change points of
drought. The subzone 36 located in the downstream of the basin
has 4 qualitative change points, ranking the first place, whilst sub-
zone 31 has no qualitative change point, ranking the last place. The
upstream (subzone 33 and 41) only have one qualitative change
point. Generally, the downstream has more qualitative change
points than the upstream, partly because the anthropogenic
impacts on the downstream is more intensified than upstream.
Since runoff affected by climate change and anthropogenic activi-
ties has a high weight in IDI, these qualitative change points may
be caused by the combined influence of climate change and inten-
sifying human activities.

ENSO events are closely associated with patterns of flood and
drought in various regions of the world and exert strong impacts
on climates on local and regional scale by means of teleconnections
influencing the combined ocean-atmosphere and land systems



Fig. 5. Monthly SOI series covering 1952–2011.

Table 7
The detailed information of the four major reservoirs in the Yellow River.

Reservoirs Location Height
(m)

Storage
(109 m3)

Time of
completion

Sanmenxia Middle reaches 335 9.7 September 1960
Liujiaxia Upper reaches 147 5.7 October 1968
Longyangxia Upper reaches 178 27.6 October 1986
Xiaolangdi Middle reaches 160 12.7 October 1999
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(Glantz et al., 1991). Previous studies have showed that the ENSO
events can lead to decreased rainfall in the source regions of the
Yellow River, and the interannual and seasonal variation of the
Yellow River water discharge over the past 50 years were closely
linked with the impact of ENSO events (Wang et al., 2001, 2006).
It can be seen from Fig. 5 that the SOI values in the years 1978,
1980, 1981, 1988, and 2005 are very low, indicating the occurrence
of ENSO events Importantly, the timing of these low SOI values are
corresponding to some of the low IDI values. Hence, it is expected
that the ENSO events may lead to some of the qualitative change
points of annual IDI series (i.e. droughts) in the Yellow River basin.
Since the main goal of this study is to develop the integrated
drought index, to physically explore the relationship between
ENSO and droughts is not within the scope of this study and should
be pursued in the future.

Among different kinds of human activities in river drainage
basin, the construction of dams and reservoirs is one of the most
direct ways to manipulate water resources (Wang et al., 2006),
which possibly leads to change points of runoff, thus likely result-
ing in qualitative change points of annual IDI series. There are four
most influential reservoirs along the mainstream of the Yellow
River, namely, Sanmenxia, Liujiaxia, Longyangxia, and Xiaolangdi
reservoirs (Fuggle et al., 2000). Their detailed information is illus-
trated in Table 7. It can be obviously observed from Table 7 that
the completion time of the four major reservoirs in the Yellow
River well matches the identified qualitative change points of
1960, 1969, 1986, and 1999 in the Yellow River basin.

Therefore, the identified qualitative change points of annual IDI
series in the Yellow River basin may be mainly caused by the joint
influences of ENSO events and the construction of dams and
reservoirs.

4.6. Discussions

Many previous papers also studied the drought-related issues in
the Yellow River basin (Xie and Fu, 2004; Shiau et al., 2007; Peng
et al., 2011; She and Xia, 2013; Xu et al., 2014). Peng et al.
(2011) and Xu et al. (2014) pointed out that the drought risk of
the Loess Plateau is high, which is generally similar to what we
found in this study. The results in this study indicate that drought
risk increases from south to north in the Yellow River basin, which
is consistent with the finding of She and Xia (2013). Besides, She
et al. (2013) also found that the drought risk in northern portion
of the midstream of the Yellow River is higher than that in the rest
parts, which is similar to the results of the present study.
Therefore, after being compared with other previous investigations
about drought in the Yellow River basin, the results based on IDI
are solid and reliable in this present study.

The present study attempts to explain the causes of change
points of annual IDI series on the perspective of climate change
and anthropogenic activities. ENSO events and the construction
of dams and reservoirs were chose to represent climate change
and anthropogenic activities, respectively. In practice, in addition
to ENSO events and the construction of dams and reservoirs, some
other factors such as Arctic Oscillation, land use/land cover, irriga-
tion, and water and soil conservation probably also have a strong
impact on these change points. However, some data are not avail-
able. Additionally, this is not the major objective in this study. To
quantitatively attribute the droughts variations need to be further
studied in the future.

The constructed IDI contains the information of meteorological,
hydrological, and agricultural factors through determining their
weights based on the entropy weight method that is an objective
method for weight determination. The calculated weights primar-
ily depend on the variation of evaluating object. However, the vari-
ation of soil moisture data is greatly smaller than runoff or
precipitation. Therefore, the weight of soil moisture is very low,
and IDI primarily contains the useful information of precipitation
and runoff, without containing much useful information of soil
moisture. Thus, the IDI cannot capture the actual drought duration
in terms of agricultural factor to a certain degree. Notably, no sin-
gle drought index can include all the aspects of droughts and meets
the requirements of all applications since drought indicators are
linked to certain drought properties (Burke and Brown, 2008). To
construct a more robust and comprehensive drought index with
soil moisture assigned more weights objectively is not within the
scope of this study and should be pursued in the future. Rather,
we propose a new framework for constructing a multivariate,
multi-index drought-modeling approach for drought assessments.
In addition, IDI was found to be highly consistent with SPI and SSFI
and, more importantly, sensitive to the onset of drought and easily
captures its onset. Furthermore, IDI has a better ability to reflect
the persistence of drought than SPI which only contains the varia-
tion of precipitation. As drought has a fuzzy nature, the calculation
of IDI based on variable fuzzy set theory is reasonable, which can
be used to objectively reflect drought characteristic and its evolu-
tion. In general, this study provides a new thought in constructing
an integrated indicator for drought assessment.
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5. Conclusions

Drought indicator based on one single variable (e.g. precipita-
tion, runoff, or soil moisture) cannot comprehensively reflect the
realistic situation of drought. Therefore, it is very necessary to con-
struct an integrated indicator for drought assessment. Given the
fuzzy nature of drought, variable fuzzy set theory was applied to
construct IDI combining meteorological, hydrological, and agricul-
tural factors. The entropy weight method was used to determine
their weights objectively. The drought persistence in the near
future was analyzed based on the Rescaled Range (R/S) analysis.
Furthermore, the law of mutual change of quality and quantity
was utilized to identify qualitative change points of drought in
the Yellow River basin. The primary conclusions are as follows:

(1) IDI has a high consistence with SPI and SSFI. SPI is more sen-
sitive to capture the onset of drought than SSFI, whilst SSFI
exhibits more reliable drought persistence than SPI.
Generally, IDI has the same ability with SPI in capturing
drought onset and has the same ability with SSFI in captur-
ing drought persistence, primarily due to its combination
with meteorological, hydrological, and agricultural drought
characteristics. Therefore, the calculated IDI is reliable and
comprehensive indicator for drought assessment.

(2) The annual IDI in the Yellow River basin has a noticeable
spatial difference. In general, the upstream has a larger IDI
value than the middle and downstream, and IDI decreases
from south to north. On seasonal scale, the drought in spring
and winter is more severe than other seasons, and that in
winter is the most severe, while that in summer is the least
severe. The drought pattern of the upstream has little varia-
tion during different seasons, whilst the drought patterns of
the middle and downstream of the Yellow River have a
noticeable change during different seasons.

(3) Generally, the IDI of the Yellow River basin is dominated by
an insignificantly downward trend, and the decreasing
months are primarily concentrated in March, April, October,
November, and December. However, for February, the basin
is primarily characterized by an insignificantly increasing
trend. On the whole, the decreasing trend of IDI in the middle
stream is more obvious than the rest parts of the basin. The
decreasing trends of IDI in the headwaters area and middle
stream will be persistent, whilst the downward trend of IDI
in the section between Tangnaihai and Lanzhou stations and
the downstream will be opposite in the near future.

(4) Some qualitative change points of annual IDI series were
identified in the Yellow River basin, and those are closely
linked with ENSO events and the construction of dams and
reservoirs.
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