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Abstract:

In this research, the regional extreme-dry-spell frequency in the middle reaches of the Yellow River Basin (YRB) is studied by
the L-moments method. The research area has been divided into three subregions (regions 1, 2 and 3), which have been identified
as homogenous regions. The results of a goodness-of-fit test indicate that a generalized normal distribution is the optimal regional
model for regions 1 and 2 whereas a generalized Pareto distribution is the optimal regional model for region 3. The return period
analysis figures out that the maximum length-of-dry-spell (MxDS) values increase from south to north in the southern part and
increase from northeast to southwest in the northern part of the middle reaches of the YRB under different return periods. The
increments of quantiles of dry spell under different return levels indicate that drought risk in region 1 is higher than that in
regions 2 and 3. The analysis of the occurrence day of MxDS shows that MxDS mostly occurred during winter of 1998 and
spring of 1999 in most stations during the considered period. By comparing summer MxDS events, it can be found that mean
MxDS values have slightly increased in regions 1 and 2 during the last five decades. The maximum mean MxDS values appeared
in the 2000s for regions 1 and 2 and in the 1990s for region 3. The atmospheric circulation shows that the positive anomaly
centre in the west of North China, negative anomaly centre in the east of North China and the strong western Pacific subtropical
high led to the decrease of precipitation in North China during the summer of 1997. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Because of the influence of global warming, the water cycle
process is expected to change (IPCC, 2007); thus, the
frequency of extreme hydrological and climatic events such
as floods and droughts is likely to increase (Yang et al.,
2010a). Among all these extreme events, drought is
considered to be one of the major natural hazards to
people's livelihoods and community socio-economic devel-
opment (Sirdas and Sahin, 2008; Burke et al., 2010). It is
also perceived as one of the most expensive but least
understood natural disasters (Kao and Govindaraju, 2010).
Under the impact of global climate change, the arid trend is
enhanced in most current drought-prone regions over the
past several decades, and global climate models also
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indicate that drought events in current arid regions may
occur more frequently owing to the enhanced evaporation
(Gregory et al., 1997; Dai et al., 1998). Therefore, a better
understanding of the frequency and severity of drought
events can provide a better technical and scientific support
for the strategic planning of drought resistance and water
resource management.
Dry spell analysis has been recognized as a useful way

to study drought (Cindrić et al., 2010). It is based on daily
precipitation and is defined as the consecutive days with
daily precipitation no more than a certain threshold (such
as 0.1, 1, 3, 5 and 10mm). The selection of the threshold
always depends on certain characteristics, such as the
climatic conditions and the needs of a particular study
area (Tolika and Maheras, 2005). Many studies have
investigated drought using dry spell (Gong et al., 2004;
Biamah et al., 2005; Lana et al., 2006; Deni and Jemain,
2009; Nastos and Zerefos, 2009; Cindrić et al., 2010;
Modarres, 2010; She and Xia, 2012). Among these
researches, spatio-temporal variations of dry spell or
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extreme dry spell are analysed, and the statistical
characteristics of extreme dry spell are simulated by
probability models. However, almost all of these studies
are based on the single-site estimations of drought
frequency or probability at gauged basins. Modarres
(2010) has indicated that single-site analysis of drought is
not a difficult task; in contrast, regional drought frequency
analysis, which fits distribution and estimates frequency
or return period for a region, has always been a problem.
As a matter of fact, many researchers have devoted

their researches to the study of regionalization of
hydrological variables, and a number of methods have
been proposed. Broadly, all these methods can be
classified into two groups (Durrans and Tomic, 1996;
Chen and Huang, 2005). One is the regionalization in
ungauged basins, which tries to use the relationship
between some hydrological characteristics (such as peak
flow or low flow) and physiographic and climatic
characteristics to predict the hydrological characteristics
for ungauged basins (Modarres, 2010). The second one is
the regional frequency analysis method, which mainly
uses the hydrological information in gauged regions to
increase the prediction accuracy of hydrological charac-
teristics in the whole study region. Some regional
frequency analysis methods have been proposed, such
as the probability weighted method (PWM), which can
identify the hydrological homogeneous region, select the
proper regional distribution and estimate the parameters.
Hosking (1990) and Hosking and Wallis (1997) have
proposed the L-moments method based on PWM and
suggested that this method can be used in the regional
frequency analysis. They have provided the detailed
procedure of regional flood frequency analysis using the
L-moments method including screening of the data,
identification of homogeneous regions and choice and
estimation of a regional frequency distribution. Thereafter,
many investigators have used this method to analyse the
regional frequency of floods and low flows (Chen and
Huang, 2005; Yang et al., 2010a,b; Shabri et al., 2011).
However, this method has not been widely used in the
regional drought analysis. Considering the regional charac-
teristic of droughts, the frequency and return period analyses
of droughts based only on a single site is not enough, and it
is particularly crucial to analyse droughts at a regional scale
on the basis of multiple sites, which are similar stations
grouped together as a homogenous region.
To the best of our knowledge, the regional drought

frequency analysis based on the L-moments method has
not been conducted in the Yellow River Basin (YRB),
which is one of the most drought-prone regions in North
China. In the past several decades, drought and deficiency
of water have become a critical limiting factor in the
socio-economic development of the YRB. This has
brought serious impact on the human living environment
Copyright © 2013 John Wiley & Sons, Ltd.
and regional economic sustainable development.
Therefore, assessing droughts in the YRB is of great
interest (Shiau et al., 2007), especially in the middle
reaches of the YRB, which contains major grain-
producing bases (Fenhe Basin and Guanzhong Plain)
and an important energy base (northern part of the middle
reaches of the YRB).
In the present study, regional drought frequency in

the middle reaches of the YRB is investigated by the
L-moments method. An extreme-dry-spell series, based
on the maximum length of dry spell (MxDS) in each year, is
used. The major goals of this research are to (1) identify the
hydrological homogeneous subregions of the middle
reaches of the YRB; thus, these subregions can be used
for the regional extreme-dry-spell frequency analysis; (2)
determine the optimal regional probability distribution for
each subregion, estimate the quantiles of dry spell under
different return periods and distinguish drought risk in
various subregions; (3) analyse the temporal variations of
extreme dry spell in different decades so as to figure out the
most drought-prone regions in the middle reaches of the
YRB; (4) investigate the summer drought in the three
subregions and indicate the possible atmospheric circulation
reason related to the occurrence of summer drought. The
results in this study can be used in the decision-making
related to the regional drought resistance and can provide
technical support to the regional drought planning andwater
resource management.
STUDY AREA, MATERIALS AND METHODS

Study area and materials

Yellow River, originating from the Tibetan Plateau, has
long been regarded as the ‘Mother River of China’
because human inhabitants have existed in this region
since prehistoric times. Floods and droughts, which are
the most detrimental natural hazards in this area since
historical times, frequently happen. These hydrological
extreme events have devastated the economy and have
caused much loss of human lives (Yang et al., 2008). In
modern times, droughts have occurred more frequently
and have greatly influenced the socio-economic
development in this basin. Among the upper, middle
and lower reaches of the YRB, droughts in the middle
reaches are considered to be the most serious because of
the increased temperature and decreased precipitation
and runoff during the last several decades. In fact, most
regions in the middle reaches of the YRB belong to a
semi-arid climate zone and have a small precipitation
amount, with uneven spatial and temporal distributions.
Meanwhile, because of the abundant solar radiation
and heavy evaporation, this area is extremely prone
to drought.
Hydrol. Process. 28, 4694–4707 (2014)
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In this study, regional extreme-dry-spell frequency
in the middle reaches of the YRB is studied by using the
L-moments method. The threshold level for the determi-
nation of dry spell is selected as 0.1mm, corresponding to
the resolution of a pluviometer, which can distinguish
between wet and dry days (Lana et al., 2006). A dry spell
starting in one year but extending to the next is classified
into the year in which it started. The regional frequency
analysis is based on the extreme series, which is
composed of the MxDS in each year.
Daily precipitation data collected from 29meteorological

stations are used. The data are acquired from the National
Meteorological Administration of China, thus high-quality
data containing no gaps are provided. The homogeneity of
the daily precipitation records is checked using the
homogeneity tests given by Wijngaard et al. (2003). The
results show that all of the used 29 stations passed the
homogeneity test. Figure 1 and Table I present the location
and a brief description of all the stations used in this study.
These stations, numbered from 1 to 29, are distributed
uniformly in the study area.
On the basis of the different characteristics of

physical geography and the hydro-climatic conditions,
the middle reaches of the YRB have been divided into
three subregions: a section between Hekou and
Longmen of the YRB (denoted as region 1), a section
between Longmen and Sanmenxia of the YRB
(denoted as region 2) and a section below Sanmenxia
of the YRB (denoted as region 3). The classification
and location of these three subregions are given in
Figure 1 and shown in Table I.

L-moments method

TheL-momentsmethod, based on thePWM,was proposed
by Hosking (1990). The details of the L-moments method are
given in the following (Hosking and Wallis, 1997).
Figure 1. The emplacement of the 29 used meteorological stations in the
middle reaches of the Yellow River Basin. The black solid points

represent the meteorological stations used in this study

Copyright © 2013 John Wiley & Sons, Ltd.
Let x1,n≤ x2,n≤ ∙∙∙ ≤ xn,n denote the order statistics of a
considered series x1, x2, ∙∙∙, xn. The L-moments can be
defined as

λr ¼ 1
r
∑
r�1

k¼0
�1ð Þk r � 1

k

� �
Exr�k:r; r ¼ 1; 2;⋯ (2-1)

where Exr�k:r is the expectation of an order statistic and
can be given as

Exr:n ¼ n!
r � 1ð Þ! n� rð Þ! ∫

1
0x F xð Þð Þr�1 1� F xð Þð Þn�rdF xð Þ

(2-2)

According to the definition of the L-moments, the first
four L-moments are

λ1 ¼ Ex

λ2 ¼ 1
2
E x2:2 � x1:2ð Þ

λ3 ¼ 1
3
E x3:3 � 2x2:3 þ x1:3ð Þ

λ4 ¼ 1
4
E x4:4 � 3x3:4 þ 3x2:4 � x1:4ð Þ

8>>>>>>>><
>>>>>>>>:

(2-3)

λ1 is a measure of the location, λ1 can be thought of as
measuring the scale or dispersion of the distribution and
λ3 and λ4 may be thought of as measuring skewness
and kurtosis, respectively (Hosking, 1990). Therefore, the
L-moments ratios can be defined as

τ2 ¼ λ2=λ1; τ3 ¼ λ3=λ2; τ4 ¼ λ4=λ2 (2-4)

where τ2 is the coefficient of variation (L-CV) and τ3 and
τ4 are the L-skewness and L-kurtosis, respectively.
Given an observed time series, the first four-order

L-moments can be calculated as

l1 ¼ b0

l2 ¼ 2b1 � b0

l3 ¼ 6b2 � 6b1 þ b0

l4 ¼ 20b3 � 30b2 þ 12b1 � b0

8>>><
>>>:

(2-5)

w h e r e b0 ¼ 1
n∑

n

j¼1
xj;n , b1 ¼ 1

n∑
n

j¼2

j� 1
n� 1

xj;n ,

b2 ¼ 1
n∑

n

j¼3

j� 1ð Þ j� 2ð Þ
n� 1ð Þ n� 2ð Þxj;n and b3 ¼ 1

n∑
n

j¼4

j� 1ð Þ j� 2ð Þ j� 3ð Þ
n� 1ð Þ n� 2ð Þ n� 3ð Þ xj;n .

Then, t2, t3 and t4,which are estimations of τ2, τ3 and τ4
respectively, can be computed.

t2 ¼ l2=l1; t3 ¼ l3=l2; t4 ¼ l4=l2 (2-6)

The L-moments ratios (t2, t3 and t4) can be used for parameter
estimation and regional frequency analysis.
Hydrol. Process. 28, 4694–4707 (2014)



Table I. Some descriptions of used meteorological stations in middle reach of the Yellow River Basin

Region No. Station Province Latitude (N) Longitude (E) Elevation (m) Record period

1 1 Youyu Shanxi 40°00′ 112°27′ 1345.8 1958–2009
2 Dongsheng Inner Mongolia 39°50′ 109°59′ 1461.9 1957–2009
3 Hequ Shanxi 39°23′ 111°09′ 861.5 1955–2009
4 Yulin Shaanxi 38°16′ 109°47′ 1157.0 1952–2009
5 Wuzhai Shanxi 38°55′ 111°49′ 1401.0 1958–2009
6 Xingxian Shanxi 38°28′ 111°08′ 1012.6 1956–2009
7 Hengshan Shaanxi 37°56′ 109°14′ 1111.0 1955–2009
8 Suide Shaanxi 37°30′ 110°13′ 929.7 1954–2009
9 Yan'an Shaanxi 36°36′ 109°30′ 958.5 1952–2009
10 Xixian Shanxi 36°42′ 110°57′ 1052.7 1958–2009

2 11 Taiyuan Shanxi 37°47′ 112°33′ 778.3 1952–2009
12 Jiexiu Shanxi 37°02′ 111°55′ 743.9 1955–2009
13 Linfen Shanxi 36°04′ 111°30′ 449.5 1955–2009
14 Xifeng Gansu 35°44′ 107°38′ 1421.0 1952–2009
15 Changwu Shaanxi 35°12′ 107°48′ 1206.5 1957–2009
16 Luochuan Shaanxi 35°49′ 109°30′ 1159.8 1955–2009
17 Wugong Shaanxi 34°15′ 108°13′ 447.8 1955–2009
18 Sanmenxia Henan 34°48′ 111°12′ 409.9 1958–2009
19 Lintao Gansu 35°21′ 103°51′ 1893.8 1952–2009
20 Huajialing Gansu 35°23′ 105°00′ 2450.6 1952–2009
21 Huanxian Gansu 36°35′ 107°18′ 1255.6 1958–2009
22 Guyuan Ningxia 36°00′ 106°16′ 1753.0 1957–2009
23 Xiji Ningxia 35°58′ 105°43′ 1916.5 1958–2009
24 Pingliang Gansu 35°33′ 106°40′ 1346.6 1952–2009
25 Minxian Gansu 34°26′ 104°01′ 2315.0 1952–2009

3 26 Yangcheng Shanxi 35°29′ 112°24′ 659.5 1958–2009
27 Lushi Henan 34°03′ 111°02′ 568.8 1953–2009
28 Mengjin Henan 34°49′ 112°26′ 333.3 1962–2009
29 Luanchuan Henan 33°47′ 111°36′ 750.3 1958–2009
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In general, the regional frequency analysis based on the
L-moments method consists of four steps (Hosking and
Wallis, 1997):

(i) screening of the data using the discordancy measure,
(ii) identification of homogeneous regions using the

heterogeneity measure,
(iii) choice of an appropriate regional frequency distribution

using the goodness-of-fit measure and
(iv) estimation of the regional frequency distribution

using the L-moments approach.

In this research, the regional frequency analysis of
extreme dry spell is studied by the L-moments method
following the first three steps; the details of these steps
and the results are given in the next section.
RESULTS AND DISCUSSION

Screening of the data

Hosking and Wallis (1997) have found that discordancy
measure (D), which can be obtained by the sample
Copyright © 2013 John Wiley & Sons, Ltd.
L-moments ratios for different stations, can be used to
identify whether those stations are grossly discordant with
the group as a whole. The formal definition of the
discordancy measure is given in the following.
Assume that there are N stations in the study area. Let

ui ¼ t ið Þ; t ið Þ
3 ; t ið Þ

4

h iT
be the vector of the L-moments ratios

containing t(i), t ið Þ
3 and t ið Þ

4 , which are the L-CV, L-skewness
and L-kurtosis, respectively, for station i. The discordancy
measure, Di, is defined as (Hosking and Wallis, 1997)

Di ¼ 1
3
N ui � uð ÞTS�1 ui � uð Þ (3-1)

where u is the group average and S is the matrix of sums of
squares and cross-products and can be given as

S ¼ ∑
N

i¼1
ui � uð Þ ui � uð ÞT (3-2)

u ¼ 1
N
∑
N

i¼1
ui (3-3)
Hydrol. Process. 28, 4694–4707 (2014)
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Station i will be declared to be discordant if Di is large.
The definition of ‘large’ depends on the number of
stations considered (Hosking and Wallis, 1997). In
general, a site is declared discordant if Di> 3 when N
exceeds 15.
The discordancy of all stations in the three subregions

in the middle reaches of the YRB is checked by a
discordancy measure. The MxDS in each year for a
certain station is considered. Di values together with the
sample L-moments ratios for region 1 (10 stations),
region 2 (15 stations) and region 3 (four stations) are
given in Table II. The critical values of discordancy
measures are 2.491, 3 and 1.333 when the numbers of
stations are 10, 15 and 4, respectively (Hosking and
Wallis, 1997). It can be seen from Table II that none of
the considered stations in each subregion exceeds the
corresponding critical value. This implies that all of the
stations in each subregion can be used for the regional
frequency analysis.
Table II. Discordancy measure values together with the sample L-m
Yellow Riv

Region Station Record length Coefficient of variation L-s

1 Youyu 52 0.1878 0
Dongsheng 53 0.2032 0
Hequ 55 0.1963 0
Yulin 58 0.2364 0
Wuzhai 52 0.2129 0
Xingxian 54 0.2033 0
Hengshan 55 0.2172 0
Suide 56 0.2142 0
Yan'an 58 0.2411 0
Xixian 52 0.2567 0

2 Taiyuan 58 0.2066 0
Jiexiu 55 0.2292 0
Linfen 55 0.2394 0
Xifeng 58 0.2487 0
Changwu 53 0.2153 0
Luochuan 55 0.2318 0
Wugong 55 0.2027 0
Sanmenxia 52 0.2141 0
Lintao 58 0.1991 0
Huajialing 58 0.2150 0
Huanxian 52 0.2252 0
Guyuan 53 0.2233 0
Xiji 52 0.2150 0
Pingliang 58 0.2050 0
Minxian 58 0.2284 0

3 Yangcheng 52 0.2207 0
Lushi 57 0.2450 0
Mengjin 48 0.2296 0
Luanchuan 52 0.2108 0

Copyright © 2013 John Wiley & Sons, Ltd.
Identification of homogeneous regions

Hosking and Wallis (1997) suggested that the
heterogeneity measures can be used to assess whether a
group of stations may reasonably be treated as belonging
to a homogeneous region (Yang et al., 2010b; Shabri
et al., 2011). Hosking and Wallis (1997) have given three
types of heterogeneity measures, V1, V2 and V3, which can
be computed as

V1 ¼ ∑
N

i¼1
ni t ið Þ � tR
� �2

=∑
N

i¼1
ni

� �1=2

V2 ¼ ∑
N

i¼1
ni t ið Þ � tR

� �2
þ t ið Þ

3 � tR3

� �2
� �1=2

=∑
N

i¼1
ni

V3 ¼ ∑
N

i¼1
ni t ið Þ

3 � tR3

� �2
þ t ið Þ

4 � tR4

� �2
� �1=2

=∑
N

i¼1
ni

8>>>>>>>>><
>>>>>>>>>:

(3-4)
oments ratios for the three subregions in the middle reaches of the
er Basin

kewness L-kurtosis Discordancy measurement Critical value

.1268 0.0628 2.0675 2.491

.1420 0.1507 0.9204 2.491

.0906 0.1121 1.0093 2.491

.1561 0.1367 0.9972 2.491

.3044 0.1878 1.3595 2.491

.2313 0.1253 0.8487 2.491

.2457 0.1822 0.5165 2.491

.1852 0.1583 0.2587 2.491

.2717 0.1778 0.5436 2.491

.2595 0.1675 1.4785 2.491

.1941 0.1777 0.6649 3.000

.1916 0.1728 0.3825 3.000

.1677 0.1416 0.9728 3.000

.2732 0.2456 2.5050 3.000

.2034 0.1625 0.1579 3.000

.1939 0.1142 0.6676 3.000

.2397 0.1936 1.4500 3.000

.1492 0.0970 0.3370 3.000

.1170 0.1198 0.9162 3.000

.2536 0.1889 0.7911 3.000

.1793 0.1655 0.2818 3.000

.1458 0.0962 0.3598 3.000

.0473 0.0390 1.7483 3.000

.0859 0.1058 1.0543 3.000

.2456 0.1027 2.7110 3.000

.1243 0.0270 1.0000 1.333

.2625 0.1488 1.0000 1.333

.1868 0.0703 1.0000 1.333

.1706 0.1299 1.0000 1.333

Hydrol. Process. 28, 4694–4707 (2014)
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where ni is the record length in station i and tR, tR3 and
tR4 are the regional averages of L-CV, L-skewness and
L-kurtosis, respectively, and can be computed as
Table III. The homogeneity measures (H1, H2 and H3) of three
subregions in the middle reaches of Yellow River Basin

Region H1 H2 H3

1 0.2213 0.7645 �0.0281
2 �1.6603 �0.2281 �0.0693
3 �0.3964 �0.0586 0.3864
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Figure 2. L-moments ratio diagram for region 1 with 10 stations (a), region 2
of the Yellow River Basin. The solid black point represents the average
L-skewness and L-kurtosis of each station. GLO, generalized logisti

generalized normal distribution; GPD, generalized Pa

Table IV. The ZDIST value

Distributions Region

Generalized logistic distribution 3.24
Generalized extreme value distribution 1.03
Generalized normal distribution 0.51
Generalized Pareto distribution �4.04
Pearson type III distribution �0.56

Copyright © 2013 John Wiley & Sons, Ltd.
tR ¼ ∑
N

i¼1
nit

ið Þ=∑
N

i¼1
ni; tR3 ¼ ∑

N

i¼1
nit

ið Þ
3 =∑

N

i¼1
ni;

tR4 ¼ ∑
N

i¼1
nit

ið Þ
4 =∑

N

i¼1
ni (3-5)

So as to judge whether the group of stations can be treated
as belonging to a homogeneous region, the Monte Carlo
simulation method is used herein. Simulate a large number,
Nsim, of realizations of a region with N stations having the
same record length as their real-world counterparts. Each
realization has a kappa distribution, which is fitted to the
regional average L-moments ratios 1, tR, tR3 and tR4 , as its
-0.1
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(b)
Region2

0.2 0.3 0.4 0.5
kewness

(c)
Region3

with 15 stations (b) and region 3 with four stations (c) in the middle reach
regional L-skewness and L-kurtosis, and the circle point represents the
c distribution; GEV, generalized extreme value distribution; GNO,
reto distribution; PE3, Pearson type III distribution

of five used distributions

1 Region 2 Region 3

43 3.7289 4.4476
11 0.7899 2.7665
37 0.3428 2.4622
54 �5.7460 �1.0141
98 �0.7657 1.7625

Hydrol. Process. 28, 4694–4707 (2014)
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frequency distribution. It is obvious that each realization
consists of a homogeneous region, and for each simulated
realization, V1, V2 and V3 can be computed. Generally, the
number of simulations, Nsim, needs to be large, and
Nsim = 500 is used in this study.
From the simulations, the mean (μv, μv2 and μv3) and

standard deviation (σv, σv2 and σv3) of the Nsim values of
V1, V2 and V3, respectively, can be calculated. These
statistics are used to estimate the heterogeneity measures
(H), namely H1, H2 and H3 with respect to V1, V2 and V3,
respectively. The measures can be computed as

H1 ¼ V1 � μv

σv
; H2 ¼ V2 � μv2

σv2
; H3 ¼ V3 � μv3

σv3
(3-6)

A region is regarded to be ‘acceptably homogeneous’ if
H< 1, ‘possibly heterogeneous’ if 1≤H< 2 and
‘definitely heterogeneous’ if H≥ 2.
(a) 

(c) 

(e)

Figure 3. The spatial distributions of quantiles of dry spell when the return
maximum length

Copyright © 2013 John Wiley & Sons, Ltd.
In this study, the homogeneity measures, H1, H2 and
H3, are calculated for the three subregions in the middle
reaches of the YRB, and the results are presented in
Table III. All of the homogeneity measures are less than 1,
thus indicating that the three subregions demonstrate
acceptable homogeneity.

Choice of optimal regional frequency distribution

After the homogeneity of the study area is confirmed,
an appropriate distribution should be selected for the
regional frequency analysis. In this study, the method
proposed by Hosking and Wallis (1997) that compares the
L-moments of the candidate distributions with the average
values of the regional area, which can be computed by
Equation (3-5), is used to select the best-fit regional
distribution. The details of this method are given in the
following (Hosking and Wallis, 1997; Yang et al., 2010a).
(b)

(d)

(f)

periods are 2 (a), 5 (b), 10 (c), 25 (d), 50 (e) and 100 years (f). MxDS,
of dry spell
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Number of simulated,Nsim, realizations of a region will be
simulated by theMonte Carlo method using the similar steps
introduced in the Identification of Homogeneous Regions
section. From the simulations in all stations, the bias (β4) and
the standard deviation (σ4) of tR4 are measured by

β4 ¼ ∑
Nsim

m¼1
t mð Þ
4 � tR4

� �
=Nsim (3-7)

σ4 ¼ 1
Nsim � 1

∑
Nsim

m¼1
t mð Þ
4 � tR4

� �2
� Nsim β24

� �� 	1=2

(3-8)

where tR4 is estimated by using the simulation technique as
before with t mð Þ

4 being the sample L-kurtosis of the mth
simulation.
(a)

(c)

(e

Figure 4. Variation of maximum length of dry spell (ΔL: day) corresponding
the Yellow River Basin. Difference of quantiles when the return periods ar

(c) 10 and 25 years (ΔR: 10–25 years), (d) 25 and 50 years (Δ

Copyright © 2013 John Wiley & Sons, Ltd.
For each candidate distribution, the goodness of fit is
measured by

ZDIST ¼ τDIST4 � tR4 þ β4

 �

=σ4 (3-9)

where τDIST4 is the L-kurtosis of the fitted distribution to
the data using the candidate distribution.
The fit is considered to be adequate if |ZDIST| is sufficiently

close to zero, and a reasonable criterion is |ZDIST|≤1.64
(Hosking and Wallis, 1997; Yang et al., 2010b). In the
process of regional frequency analysis, if more than one
candidate distribution is acceptable with |ZDIST|≤ 1.64, then
the one with the lowest |ZDIST| will be regarded as the
optimal distribution.
In the current study, five candidate distributions

[generalized logistic distribution (GLO), generalized
extreme value distribution (GEV), generalized normal
(b)

(d)

)

to different increments of return periods (ΔR: year) in the middle reaches of
e (a) 2 and 5 years (ΔR: 2–5 years), (b) 5 and 10 years (ΔR: 5–10 years),
R: 25–50 years), (e) 50 and 100 years (ΔR: 50–100 years)
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distribution (GNO), generalized Pareto distribution
(GPD) and Pearson type III distribution (PE3)] are
considered. The goodness-of-fit results of the three
subregions are given in Table IV. For region 1, GEV,
GNO and PE3 can be accepted as the regional model
because the |ZDIST| values of these distributions are no
more than 1.64. GNO is the best model because it gives
the smallest |ZDIST| value. For region 2, GEV, GNO and
PE3 can be accepted as the regional model, and GNO is
the best model. For region 3, only GPD can be accepted
as the regional model because the |ZDIST| values of other
distributions are greater than 1.64. So, GNO is selected as
a regional model for regions 1 and 2, whereas GPD is
selected as the regional model for region 3.
Furthermore, the L-moments ratio diagram is also used

to identify the distribution (Figure 2). The solid black
point represents the average regional L-skewness and
L-kurtosis, and the circle point represents the L-skewness
and L-kurtosis of each station. It can be seen from Figure 2
(a) that GEV, GNO and PE3 fit MxDS better as compared
withGLO andGPD formost stations, and themean regional
value indicates that GNO is the best-fit regional model for
region 1. Similar results can also be found in Figure 2(b, c),
and all these results are consistent with the results from the
goodness-of-fit test given in Table IV.

Return period analysis

The quantiles of dry spell under different return periods
(2, 5, 10, 25, 50 and 100 years) are calculated by using the
determined optimal regional model of the three sub-
regions (the details on estimating the quantiles for the
used distribution can be seen in Hosking and Wallis,
1997). The parameters of regional distributions are
estimated by the L-moments method. Figure 3 presents
the spatial distribution of quantiles of dry spell in the
middle reaches of the YRB. It can be found that the
distribution of quantiles has a similar variation under
different return levels. MxDS values increase from south
to north in the southern part and increase from northeast
to southwest in the northern part of the middle reaches of
the YRB. The maximum values are mainly located in the
northern part of region 1. The minimum values are
principally found in the western part of region 2 and small
areas in region 3 regardless of the differences of return
levels. This seems to indicate that region 1 is drier than
regions 2 and 3.
The variations in the values of the quantiles between

different return levels can reveal the potential drought risk
in a certain region and thus can serve as an important
indicator in supporting the regional drought risk analysis
and water resource management. To analyse the drought
risk in each subregion in the middle reaches of the YRB,
the increments of quantiles between different return periods
Copyright © 2013 John Wiley & Sons, Ltd.
are computed in the present study. The difference of
quantiles (denoted as ΔL) between 2- and 5-year return
periods (denoted as ΔR: 2–5 years), 5- and 10-year
return periods (denoted as ΔR: 5–10years), 10- and 25-year
return periods (denoted as ΔR: 10–25 years), 25- and
50-year return periods (denoted as ΔR: 25–50 years)
and 50- and 100-year return periods (denoted as ΔR:
50–100 years) are calculated and used. The spatial
distributions of the variations are given in Figure 4. It
can be found that the larger values are principally
distributed in region 1 for all return periods in the
whole region. This indicates that the drought risk in
region 1 is higher than that in the other two subregions.
It should be noted that this result is consistent with the
results from Figure 3.
Furthermore, to analyse the temporal variation of

extreme-dry-spell events in various subregions during
different decades, the total numbers (TN) of extreme-
dry-spell events of all stations in each subregion are
computed under different return levels (case 1: return level
ranges from 2 to 5 years; case 2: return level ranges from5 to
10 years; case 3: return level ranges from 10 to 25 years;
case 4: return level ranges from 25 to 50 years; case 5: return
Hydrol. Process. 28, 4694–4707 (2014)
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level ranges from 50 to 100 years; and case 6: return level
exceeds 100 years). Finally, the total numbers are
summarized in different decades (1960s: 1960–1969;
1970s: 1970–1979; 1980s: 1980–1989; 1990s: 1990–1999;
and 2000s: 2000–2008), and the mean number per
station (MN = TN/N, where N is the total number of
station in a subregion) in each subregion is shown in
Figure 5. In case 1, the extreme-dry-spell events more
frequently happened during the 1980s in region 1,
whereas they more frequently occurred during the
1990s in regions 2 and 3. The minimum MN can be
found in the 2000s in regions 1 and 2 and in 1960s in
region 3. In case 2, the maximum MN values are found
in the 1990s, 1960s and 1980s for regions 1, 2 and 3,
respectively, whereas the minimumMN values are found in
the 2000s for regions 1 and 2 and in the 1970s for region 3.
In cases 3 and 4, the maximum MN values are all found in
1960s for all subregions, whereas the MN values are zero in
all periods for region 3. In cases 5 and 6, the maximumMN
values occurred in 1990s for all subregions. The results
Table V. The onset and termination year, day of year, month and du
in the middle reaches of t

Station

onset

year day of year month ye

Youyu 1975 321 November 197
Dongsheng 1998 299 October 199
Hequ 1998 341 December 199
Yulin 1998 299 October 199
Wuzhai 1998 341 December 199
Xingxian 1998 341 December 199
Hengshan 1998 299 October 199
Suide 1998 299 October 199
Yan'an 1998 287 October 199
Xixian 1998 299 October 199
Taiyuan 1998 299 October 199
Jiexiu 1998 299 October 199
Linfen 1985 293 October 198
Xifeng 1998 301 October 199
Changwu 1962 330 November 196
Luochuan 1998 301 October 199
Wugong 1998 337 December 199
Sanmenxia 1998 336 December 199
Lintao 1964 338 December 196
Huajialing 1973 311 November 197
Huanxian 1998 286 October 199
Guyuan 1970 298 October 197
Xiji 1998 304 October 199
Pingliang 1962 331 November 196
Minxian 1962 330 November 196
Yangcheng 1962 347 December 196
Lushi 1998 338 December 199
Mengjin 1998 337 December 199
Luanchuan 1996 322 November 199

The return level of maximum dry spell is given in the last column.

Copyright © 2013 John Wiley & Sons, Ltd.
indicate that the extreme-dry-spell events mostly
occurred in the 1960s and 1990s when the return
period is larger than 10 years. It can be concluded that
drought during the 1960s and 1990s is much more
severe than that in the other periods. Among the three
subregions, drought in region 1 is more severe than in
the other two subregions because the MN values in this
subregion are the largest. This result is consistent with
the results from Figures 3 and 4.
Analysis of maximum dry spell during the entire period

In the analysis of regional extreme-dry-spell frequency,
more attention needs to be paid to the maximum dry spell
in each station during the entire period. Table V presents
the detailed information of maximum dry spell in each
station. The return period of these maximum dry spell events
is also computed by the optimal regional distributions
obtained in the Choice of Optimal Regional Frequency
Distribution section, and the results are given in the last
ration length of the maximum dry spell in each considered stations
he Yellow River Basin

termination

Duration
Return
levelar day of year month

6 41 February 86 55.1
9 67 March 133 445.2
9 78 March 102 129.7
9 77 March 143 171.8
9 67 March 91 79.0
9 78 March 102 104.1
9 77 March 143 121.4
9 77 March 143 433.1
9 77 March 155 240.9
9 77 March 143 154.8
9 77 March 143 280.1
9 77 March 143 234.2
6 47 February 119 70.6
9 73 March 137 317.3
3 49 February 84 54.5
9 36 February 100 121.8
9 73 March 101 133.4
9 75 March 104 134.2
5 53 February 80 57.6
4 12 January 66 51.8
9 77 March 156 766.2
1 17 January 84 31.7
9 13 January 74 29.3
3 49 February 83 71.1
3 67 March 102 91.9
3 66 March 84 49.1
9 56 February 83 39.5
9 75 March 103 199.4
7 23 January 66 342.1

Hydrol. Process. 28, 4694–4707 (2014)
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column of TableV. It can be seen that themaximumdry spell
event in most stations starts in October 1998 and terminates
in March 1999. The maximum length of 156 days occurred
in Huanxian station. The return period results in Table V
indicate that the maximum dry spell events in most stations
during 1998 and 1999 exceed the 100-year return period. The
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Figure 6. The maximum length of dry spell (MxDS) events in all stations
in region 1 (a), region 2 (b) and region 3 (c) during summer. The black line

represents the mean of MxDS during every decade

(a)

Figure 7. (a) The total precipitation amount (tpa) of summer 1997; (

Copyright © 2013 John Wiley & Sons, Ltd.
precipitation amount in the winter (December, January and
February) is small in this area, and this might be the reason
that most of the maximum dry spell events happen during
winter time.

Analysis of summer maximum dry spell events

Considering that the summer months (June, July and
August) have the most rainfall in the YRB, drought risk in
this season is critical to water resource management. In
the present study, the maximum dry spell events during
summer in each subregion are considered, and the results
are shown in Figure 6. Each point in Figure 6 represents a
single MxDS event at a certain station. The solid lines
represent the mean MxDS during each decade. From
Figure 6, it can be seen that most of the maximum MxDS
occurred in the 1990s for all subregions, especially in the
year 1997. These results are consistent with those shown
in Table V. The mean MxDS of each decade is found to
increase in regions 1 and 2, whereas it displays a
fluctuating trend in region 3. The maximum mean MxDS
is found in the 2000s for regions 1 and 2 and in the 1990s
for region 3.
As shown in Figure 6, the summer drought in 1997 is

very severe in the middle reaches of the YRB. In fact,
there are worldwide climate anomalies in 1997, which is
also true in China. Large-scale and persistent droughts
have occurred in the northern areas of Yangtze River
including the YRB in this year (Liu et al., 2000). Rain in
most areas of the YRB is persistently less during the flood
season of 1997 (June, July, August and September). The
total precipitation amount in most areas of the YRB is
below 260mm, and this amount is even below 210mm in
most areas of the middle reaches of the YRB (Figure 7(a)),
which is 40–50% less than the long-term average level
(Figure 7(b)). Because of less rain and severe drought, the
runoff of mainstream and tributaries in most areas of the
YRB during flood season evidently decreased compared
with the long-term average. The zero-flow event that started
in 26 February 1997 and lasted 226 days is considered as the
most severe zero-flow event in the 20th century. This can
(b)

b) the percentage of precipitation anomaly (ppa) of summer 1997
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Figure 8. The anomaly of the 500-hPa geopotential height during Jun to Aug 1997. The shaded area means negative values
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also be inferred from Figure 7 where it can be seen that
the percentage of precipitation anomaly in the southeast of
the middle reaches of the YRB is larger than that of the
other areas.
The summer climate variability in East Asia is closely

related with the variation of the East Asia summer
monsoon system. In the present study, the atmospheric
circulation condition during the summer drought of 1997
in the YRB is analysed. Some studies have pointed out
that most of the areas in the middle and lower reaches of
the YRB, which belong to the semi-arid and subhumid
region, are evidently influenced by the East Asian
monsoon. Seasonal and annual variations of precipitation
in these areas are largely correlated to the variation of
monsoons. In summer (during the summer monsoon
period), the precipitation is high, and persistent rainstorm
will easily induce flood, whereas in winter and spring
(during the winter monsoon period), precipitation is low,
and a climate with persistently less rain will easily
induce drought in this area. If the monsoon activity is
weak in a certain year, then the summer precipitation
will be low, leading to persistent and large-scale
drought. The occurrence of drought in the YRB has a
Copyright © 2013 John Wiley & Sons, Ltd.
close relationship with the large-scale circulation in
middle–high latitude. In the present study, the anomaly
of a 500-hPa geopotential height during Jun to Aug 1997
is used to analyse drought during the summer of 1997
(Figure 8). It can be seen from Figure 8 that a positive
anomaly centre is located at the west of North China,
whereas a negative anomaly centre is found in the east of
North China. This puts North China under the control of
a high-pressure system, and the path of cold air shifts
eastward. In addition, the western Pacific subtropical
high is strong, which is disadvantageous to the warm
and wet air movement northward, thus leading to the
decrease in precipitation as compared with the average
precipitation in North China.
DISCUSSIONS AND CONCLUSIONS

In the past several decades, water shortage problems have
become more and more serious with regard the social and
economic development, and the drought problems have
been regarded as a critical issue in China. From the 1970s,
the continuous droughts in northern and northeast China
Hydrol. Process. 28, 4694–4707 (2014)
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have had a great influence on socio-economic activities
and people's lives. Ma and Fu (2006) indicated that a dry
trend can be detected in most of northern China during
1951–2004, and the frequency of extreme drought has
evidently increased in northern China after the 1980s.
Drought is a frequently occurring nature hazard in the YRB,
and researchers also found that a dry trend is enhanced in the
YRB during the past 50 years. The drought area has
expanded, and large-scale drought has continuously
occurred in this basin after 1990s (Zou et al., 2010).
UNESCO and YRCC (2011) also indicated that the drought
frequency of the YRB decreased in the 1970s and 1980s
although it is high in the 1960s and then increased in the
1990s. Drought usually appears in the autumn and winter
but now can be found in all seasons since the 1990s. The
droughts appearing in spring, autumn and winter were more
severe than those in summer. The research of the droughts in
the YRB is very important and significant.
In this study, the regional extreme drought in the

middle reaches of the YRB is studied by the index dry
spell using the L-moments method. The research area has
been divided into three subregions. Five distributions
(GLO, GEV, GNO, GPD and PE3) are used to fit the
regional extreme dry spell series in each subregion.
The optimal regional model has been selected through
the goodness-of-fit method. The return period, drought
risk, maximum dry spell events and summer drought are
computed and analysed. The conclusions and discussions
can be given as follows:

1. From the results of discordancy measure, all three
subregions can be regarded as a homogeneous region
and thus can be used for the regional frequency
analysis. It is worth mentioning that the YRB has been
categorized into three subregions by considering the
topography and spatial pattern of hydro-climatic
conditions, and this division has also taken into
account the hydrologic characteristics. The YRB may
be divided into more subregions with the help of cluster
analysis and other methods; however, the division in this
study is simple and proven to be effective.

2. The results of the goodness of fit indicate that GNO is the
optimal regional model of regions 1 and 2, whereas GPD
is the optimal regional model of region 3 for the regional
frequency analysis. In fact, the selection of the regional
model depends on several aspects such as the threshold of
dry spell, the extreme models used and so on. In this
study, five frequently used and representative extreme
models are used to simulate the extreme-dry-spell series,
and the results show that the selected models are
appropriate for extreme drought analysis in the YRB.

3. The distribution of quantiles has a similar variation
under different return levels. The MxDS values
increase from south to north in the southern part and
Copyright © 2013 John Wiley & Sons, Ltd.
increases from northeast to southwest in the northern
part of the middle reaches of the YRB. The comparison
of increments under different return periods indicates
that meteorological drought risk in region 1 is higher
than that in regions 2 and 3. Drought risk relies on
many complicated factors (precipitation, temperature,
drainage system, crop structure, etc.), and the lack of
precipitation can directly cause the meteorological
drought and thus can lead to other types of drought. So,
the drought analysis based on precipitation in this study
is important and useful.

4. From the analysis of the occurrence day of MxDS in
each station, the MxDS in most stations starts in
October 1998 and terminates in March 1999 during the
considered period. In fact, there is a nationwide severe
drought in China in 1999 including in the YRB;
Zhang et al. (2008) have studied the drought during
1949–2000 in China and found that 1999's drought is
the most severe during this period.

5. By comparing the MxDS events in each station of three
subregions during summer, it can be found that the
mean MxDS in regions 1 and 2 has slightly increased,
whereas the mean MxDS in region 3 is fluctuating
during the last five decades. The maximum mean
MxDS is found in the 2000s for regions 1 and 2 and in
the 1990s for region 3. The atmospheric circulation
during the summer of 1997 shows that the positive
anomaly centre in the west and negative anomaly
centre in the east of North China along with the strong
western Pacific subtropical high led to the decrease of
precipitation in North China.

Regional drought risk analysis is critical in the middle
reaches of the YRB considering the extreme drought
situation in this area. The results of this research can help
select the optimal distributions for each small divided
subregions, and the return period of extreme dry spell in
each subregion can be simulated more precisely from the
optimal distributions. By comparing the increments in
different return levels, we can find drought-prone regions,
and this can provide a scientific foundation to determining
drought-resistant measures.
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