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ABSTRACT 

Regional evaluation of drought characteristics provides critical information for water resource management. In this case, 
this study attempts to analyze the probability behaviors of drought events of a given severity in the Pearl River Basin 
and to construct severity-area-frequency curves of drought events. Due to possible impacts of complicated topographi-
cal properties and diverse climate types within the Pearl River Basin, the entire Pearl River Basin is subdivided into 
different homogeneous regions. In general, the Pearl River Basin can be categorized into four homogeneous regions, 
and the severity-area-frequency analysis results for the short-, medium- and long-term drought episodes within each 
homogeneous regions indicate stressful challenge for the water resource management in the Pearl River Basin due to the 
fact that severe droughts usually occur over the entire Pearl River Basin. Meanwhile, the Pearl River Delta will face a 
higher risk of drought when compared to other regions of the Pearl River Basin in terms of the medium-term drought. 
The Pearl River Basin is highly economically development and is heavily populated, thus impacts of droughts and re-
lated resilience resolutions or policies should be taken into account in the formulation of regional sustainable develop-
ment of water resources and socio-economy within the Pearl River Basin, China. 
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1. Introduction 

Droughts are long-term phenomena affecting large regions 
inflicting significant damages both on human lives and 
on socio-economy. Drought event is generally considered 
as periods being characterized with insufficient precipita-
tion, soil moisture and water resources for supporting the 
socio-economic activities of a region. However there is 
not a universal definition of drought due to the wide va- 
riety of sectors affected by drought, its diverse geogra- 
phical and temporal distribution and the demand placed 
on water supply by human-use systems. The most 
well-known and widely used classification of droughts is 
the classification initially proposed by Dracup et al. [1] 
and is integrated later by Wilhite and Glantz [2]. The 
American Meteorological Society [3] adopted this drought 
classification system. Based on the nature of the water 
deficit, four types of droughts are defined: a) the mete-
orological drought; b) the hydrological drought; c) the 
agricultural drought; and d) the socio-economic drought. 
This study focuses on the meteorological drought which 
is defined as deficit of precipitation over a region within 

a certain time interval. 
As droughts are regional in nature and commonly 

cover large areas and extend for long time periods, it is 
important to study such events within a regional back-
drop. Regional evaluations of drought characteristics can 
provide critical reference information for different wa-
ter-related activities, and should be included in strategic 
short- and long-term plans for adequate water resource 
management [4]. The properties of regional droughts can 
be studied through regional drought characteristics like 
the area covered by drought and total precipitation deficit 
over the drought area. A method to estimate severity- 
area-frequency (SAF) curves has been used in this study 
to estimate the return periods of annual regional droughts. 

Droughts are usually indicated by drought indices, the 
most commonly-used meteorological drought indices are: 
1) Rainfall deciles [5]; 2) the Palmer Drought Severity 
Index (PDSI) [6]; and 3) the Standardized Precipitation 
Index (SPI) [7]. In quantification of precipitation deficit 
for multiple time scales and evaluations of the impact of 
drought on the availability of water resources, the stan-
dardized precipitation index (SPI) was considered as a prior 
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drought index to construct Severity-Area-Frequency (SAF) 
curves and is also used in this study. 

Drought is a slowly-developing phenomenon, only in-
directly affecting human life. However, recent years have 
shown how vulnerable even so-called humid area like 
south China can be to drought, when several severe and 
prolonged water deficit periods, such as the severe drought 
in southwest China 2010 year and south China 2011 year, 
have caused major environmental, social and economic 
problems. The Pearl River is the second largest river by 
water volume in China and the third largest river in drai-
nage area. However, uneven spatial and temporal dis- 
tribution of water resources, with almost 80% of the total 
precipitation occurring in the flooding seasons, i.e. 
April-September, negatively affects the effective human 
use of water resource. And quality-induced water short- 
age further deteriorates its regional water security. The 
East River, one of the major tributaries of the Pearl River 
Basin, is responsible for the primary annual water de- 
mand of major cities such as Hong Kong, Guangzhou, 
Shenzhen, Dongguan, Heyuan and Huizhou, with over 
forty million dwellers in total [8]. Considering the sig- 
nificance of water security in the Pearl River Basin, an 
improved understanding of the characteristic of drought 
in the Pearl River Basin is of paramount importance to 
formulating a regional water resources management 
strategy for the basin. 

Meanwhile, the Pearl River Basin is characterized by 
complex terrain features, being shifting gradually from 
an altitude of 2000 - 3000 meters of the Yunnan-Guizhou 
Plateau transition to the hilly areas with altitude of about 
500 meters from northwest to southeast sections of the 
Pearl River Basin. And the precipitation in the Pearl 
River Basin is affected by the southwesterly and the 
southeasterly flow. Besides, principle factors influencing 
precipitation changes in both space and time are different 
in different parts of the Pearl River Basin, in this case, 
the Pearl River Basin can’t be accepted as a homogene-
ous region and should be clustered into several homoge-
nous regions for the sake of analysis of drought changes 
in specific region within the Pearl River Basin. 

With this in mind, the objectives of this paper are: 1) 
to classify homogenous regions across the Pear River 
basin using cluster algorithm; 2) to construct the Sever-
ity-Area-Frequency (SAF) curves within each homoge-
nous region. Besides, implications of drought features 
within each specific region on water resources manage-
ment will also be discussed based on results obtained in 
this study and also on published literatures. 

2. Study Region and Data 

The Pearl River (102˚14′E-115˚53′E; 21˚31′N-26˚49′N), 
illustrated in Figure 1, is the second largest river by vo-
lume and the third largest river in term of drainage 

 

Figure 1. Study region and meteorological stations. 
 
basin area in China. The Pearl River Basin drainage area 
is 4.573 × 105 km2, with three major tributaries: West 
River, North River and East River. The Pearl River Basin 
is located in the tropical and sub-tropical climate zones. 
The annual mean temperature ranges from 14˚C to 22˚C, 
multi-annual average precipitation is 1525.1 mm. Pre- 
cipitation during April-September accounts for 80% of 
the yearly total. The Pearl River Basin, especially the 
Pearl River Delta region, is economically developed and 
is of great importance in the socio-economic develop- 
ment of China. More detailed information of the study 
region can be referred to [9]. The daily precipitation dataset 
covering 1 January 1960-31 December 2005 was col- 
lected from 42 rain stations in the Pearl River Basin. Lo- 
cation of the meteorological stations can be referred to 
Figure 1. Data quality control was done in [9]. 

3. Methodology 

3.1. Construction of SAF Curves 

The following procedure was employed in this study for 
deriving drought severity-area-frequency (SAF) curves 
[10]: 1) Identify the drought variable of a suitable time-
scale to be used for estimating drought properties (sever-
ity); 2) Apply the theory of runs to drought variables, and 
find drought properties, and calculate the drought sever-
ity for the development of drought SAF curves; 3) Esti-
mate the drought severity associated with different areal 
extents (in terms of percentage of total area), taking dif-
ferent areal thresholds into account using a suitable spa-
tial interpolation technique; 4) Test drought severity for 
different areal extents using different probability distri-
butions to determine the best distribution for frequency 
analysis; 5) Perform frequency analysis using the se-
lected probability distribution for drought severity of 
different area extents in order to associate drought sever-
ity with different return periods; and 6) Construct the 
drought Severity-Area-Frequency (SAF) curves for the 
region under consideration. 
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The standardized precipitation index (SPI) was con- 
sidered as a drought variable, and as the droughts corre- 
sponding to the short-, medium- and long-term periods 
are of great importance for different water resource mana- 
gement. Then 3, 6 and 9 months respectively are selected 
as the time scale of SPI to construct the severity-area- 
frequency curves for each homogeneous region in this 
study. The Inverse Distance Weighting (IDW) approach 
was used for the spatial interpolation of precipitation 
over the Pear River basin, with grid-cells of 0.1˚ × 0.1˚ in 
latitude and longitude. These spatially interpolated pre-
cipitation data were used for calculation of the SPI series 
to characterize droughts in the basin. Try to avoid long 
duration drought events, the drought event lasting for a 
long time interval will be subdivided into two events, the 
hydrological annual values of drought severity is used for 
frequency analysis in this study. These severity values 
were fitted with Lognormal (Logn), General Extreme 
Value (GEV), General Pareto (GP), Pearson type III 
(PE3), and Gamma (Gam) probability distributions. 

3.2. The Theory of Runs 

The theory of runs as proposed by Yevjevich [11] is used 
to determine properties of hydrologic droughts (Figure 
2). Based on the classification of drought (Table 1), the 
truncation level was held as –0.99 in this runs analysis. A 
hydrologic drought event is considered as an event dur-
ing which SPI is continuously below the truncation level. 
Two important properties, drought duration and severity, 
are analyzed for each drought event. Drought duration is 
the period of time when SPI is continuously below the 
truncation level and drought severity is the cumulative 
deficit below the truncation level for the duration of a 
drought event. 

3.3. Fuzzy C-Means clustering 

The FCM algorithm is a modification of the K-means 
algorithm. The FCM algorithm minimizes intra-cluster 
variance [12] and includes grouping of sites using the 
clustering algorithm. The algorithm assumes that the 
attributes are from a vector space and is targeted to achieve 
a minimized total intracluster variance function Dv 
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Figure 2. Definition of drought events using runs theory. 
 
Table 1. The drought categories based on the standardized 
precipitation index (SPI). 

Category SPI 

Extremely wet  2.00 

Severely wet 1.50 ~ 1.99 

Moderately wet 1.00 ~ 1.49 

Near normal –0.99 ~ 0.99 

Moderate drought –1.00 ~ –1.49 

Severe drought –2.00 ~ –1.50 

Extreme drought  –2.00 

 
repeated by alternate application of these two steps until 
convergence [13]. Like K-means, this algorithm mini-
mizes intra-cluster variance, this is obtained when the 
points no longer switch clusters. In contrast to the 
K-means algorithm, which assigns each site to only one 
cluster, partial membership is permitted in FCM, mean-
ing that each point has a degree of membership in each of 
the clusters. Thus points on the edge of a cluster may be 
in that cluster to a lesser degree than points in the centre 
of a cluster. The degree of belonging of site i in the kth 
cluster is equal to the inverse of the distance of site i to 
the centroid of cluster: 

 ,

1
( )k

k i

b i
d c

                 (2) 

where bk(i) is the degree that the site i belongs to the kth 
cluster, d(ck, i) the distance of site i to the centroid of 
cluster k. Each station is assigned to the cluster with which 
it has the highest degree of membership. The coefficients 
are normalized so that the sum of membership of one site 
of interest to all different clusters is unity [12], that is 
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where Uk(i) is normalized coefficient of site i in the kth 
cluster. 

homogeneous region. And the location is considered to 
belong to the homogeneous region with largest member- 
ship. Thus we divide a location into a region by the least 
spatial distance away from a homogeneous region in the 
Pearl River Basin (Figure 3). 

4. Results  

4.1. Homogenous Regions in the Pearl River Basin 
The distributions of median month precipitation in a 

year for each homogenous region in the Pearl River Ba-
sin have been calculated (Figure 3). If the consecutive 
six month with maximum precipitation in a year are con-
sidered as a rainy season, then the rainy season for Re-
gion I is from May to October; Region II is from April to 
September; Region III is from March to August and Re-
gion IV is from April to September. So the hydrological 
year can be defined as Region I from May to April in the 
following year, Region II from April to March in the fol- 
lowing year, Region III from March to February in the 
following year, and Region IV from April to March in 
the next year. 

As the annual precipitation mode is different in hetero-
geneous regions, homogenous regions are formed by 
identifying FCM clusters in the space of site characteris-
tic of the median of month precipitation in a year. The 
Pear River basin is divided into 4 homogenous regions 
(Table 2). Station 42 is initially classified into region I, 
but since it is far away from region I in geographical dis- 
tance, so the Station 42 is classified into region IV, simi- 
lar is done for Station 11 from Regions IV to II. 

This study introduces a method to achieve the bound- 
ary of the homogeneous regions. Firstly, the membership 
of any location belongs to each homogeneous region. 
This has been done by FCM cluster and then is interpo- 
lated across the Pearl River Basin by IDW respectively, 
getting the membership of any location belonging to each  

4.2. SAF Curves 

Droughts corresponding to the short-, medium- and long- 
term are of great importance for different water resource 
management strategies. Then the severity-area-frequency 
curves for each homogeneous region are constructed at 3, 
6 and 9 months time scale of SPI respectively in this 
study. As all of the distributions have passed the K-S test 
at the 95% confidence level at all homogeneous regions, 
then the distribution with the least K-S statistic for most 
regions will be selected as the best fit distribution for each 
homogeneous region at any time scale of SPI (Table 3).  

 
Table 2. The homogenous regions formed by identifying 
FCM clusters. 

Regions Containing stations (refer to Figure 1) 

Region I 1 2 3 4 5 26 27 28 

Region II 6 7 8 9 10 11 15 16 17 29 38 39 

Region III 12 13 14 18 19 20 21 22 23 24 25 30 31 

Region IV 32 33 34 35 36 37 40 41 42 

 

 

Figure 3. Homogenous regions for median month precipitation distribution in a year across the Pearl River Basin, and the 
annual precipitation mode for all homogenous regions in the Pearl River Basin are also illustrated. 
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Table 3. The best fit distribution for each homogeneous 
region at different time scale of SPI, where GP, Logn, Gam 
and GEV denote Generalized Pareto, Lognormal, Gamma 
and General Extreme Value distribution respectively. 

 Region I Rgion II Region III Region IV 

SPI 3 Logn GEV GEV GP 

SPI 6 GP GP GEV Gam 

SPI 9 Logn Gam Gam GEV 

 
Figure 4 illustrates the severity-area-frequency curves 

of SPI 3 for each homogeneous region where (a) is for 
Region I, (b) for Region II, (c) for Region III and (d) for 
Region IV. Figure 4 demonstrates that three hydrologi-
cal annual droughts with the highest severity in Region I 
occurs during 1992-1993, 1989-1990 and 1962-1963; in 
Region II during 1989-1990, 1963-1964 and 2003-2004; 
in Region III during 1963-1964, 1989-1990 and 1991- 
1992; and in Region IV during 1963-1964, 1990-1991 

and 1977-1978. It can be seen from Figure 4 that, in 
1963 and 1990, the entire Pearl River Basin occurred a 
drought event of a high severity, so for short-term drought 
when there is a severe drought occurs over the entire 
Pearl River Basin. These kinds of occurrences of drought 
events pose considerable challenges for the water re-
source management in the Pearl River Basin. Meanwhile, 
when compared to the Severity-Area-Frequency curves 
for each homogeneous region, it shows that for short- 
term drought the drought severity in Region III is higher 
than that in other regions with respect to the same return 
period within the same area extent while Region IV is an 
exception with droughts of lower severity. 

Figure 5 shows the Severity-Area-Frequency curves 
of SPI 6 for each homogeneous region where (a) is for 
Region I, (b) for Region II, (c) for Region III and (d) for 
Region IV. Figure 5 demonstrates that the hydrological 
annual drought of the highest drought severity in Region I 

 

0 20 40 60 80 100

10

15

20

25

Area Extent(%)

D
ro

u
gh

t 
S

ev
er

it
y 

(S
P

I 
3)

 

  5-year
 10-year
 20-year
 50-year
100-year

 

1992-1993

1989-1990

1962-1963

(a)

  
0 20 40 60 80 100

10

15

20

25

Area Extent(%)

D
ro

ug
ht

 S
ev

er
it

y 
(S

P
I 

3)

 

  5-year
 10-year
 20-year
 50-year
100-year

 

1989-1990
1963-1964
2003-2004

(b)

 
(a)                                                          (b) 

0 20 40 60 80 100

10

15

20

25

Area Extent(%)

D
ro

ug
ht

 S
ev

er
it

y 
(S

P
I 

3)

 

  5-year
 10-year
 20-year
 50-year
100-year

 

1963-1964
1989-1990
1991-1992

(c)

  
0 20 40 60 80 100

10

15

20

25

Area Extent(%)

D
ro

ug
ht

 S
ev

er
it

y 
(S

P
I 

3)

 

  5-year
 10-year
 20-year
 50-year
100-year

 

1963-1964
1990-1991
1977-1978

(d)

 
(c)                                                     (d) 

Figure 4. The Severity-Area-Frequency (SAF) curves of SPI 3 for each homogenous regions in the Pearl River Basin, (a) 
region I, (b) region II, (c) region III, and (d) region IV. And three most severity hydrological annual drought in that region 
are illustrated. 
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(c)                                                    (d) 

Figure 5. The Severity-Area-Frequency (SAF) curves of SPI 6 for each homogenous regions in the Pearl River Basin, (a) 
region I, (b) region II, (c) region III, and (d) region IV. And three most severity hydrological annual drought in that region 
are illustrated. 
 
is during 1989-1990, 1992-1993 and 2004-2005; in Re-
gion II is during 1989-1990, 1963-1964 and 2003- 2004; 
in Region III is during 1963-1964, 1989-1990 and 
1991-1992; and in Region IV is during 1963-1964, 1990- 
1991 and 2004-2005. Also can be seen is that for the 
medium-term drought, when there is a severe drought, 
there usually occurs severe drought events over the entire 
Pearl River Basin. Meanwhile, when compared to the Se-
verity-Area-Frequency curves for each homogeneous 
region, it can be shown that, for the medium-term 
drought, the drought severity in Region IV is higher than 
that in other regions with the same return period in the 
same area extent; while drought severity for droughts in 
Region III is relatively lower. 

The Region IV is where the Pearl River Delta is lo- 
cated, and the Pearl River Delta is one of the highly eco- 
nomically developed regions in China with dense cities 
and large population, a high risk of medium-term droughts 
will undoubtedly pose tremendous challenges for re- 
gional economic development and social stability of that 
region. In this sense, effective and integrated water re- 
sources management is an urgent necessity for the sus- 

tainable development of the local socio-economy. 
Figure 6 illustrates the Severity-Area-Frequency curves 

of SPI 9 for each homogeneous region where (a) is for 
Region I, (b) for Region II, (c) for Region III and (d) for 
Region IV. Figure 6 demonstrates that three hydrologi- 
cal annual droughts with the highest severity in Region I 
is during 1989-1990, 1992-1993 and 1963-1964; in Re- 
gion II is during 1989-1990, 1963-1964 and 1975-1976; 
in Region III is during 1963-1964, 1991-1992 and 1989- 
1990; and in Region IV is during 1963-1964, 1977-1978 
and 1991-1992. Similarity, it can be seen from Figure 6 
that, for the long-term drought, when there is a severe 
drought occurs in the Pearl River Basin, there usually 
occurs severe drought events over the entire Pearl River 
Basin. Meanwhile, when compared to the Severity- 
Area-Frequency curves for each homogeneous region, 
Figure 6 shows that, for the long-term drought, the 
drought severity in Region I is higher than that in other 
regions with respect to the same return periods with the 
same area extent. However, Region III is an exception 
where the drought is of lower drought severity. 

It can be observed from Figures 4-6 that the time interval 
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Figure 6. The Severity-Area-Frequency (SAF) curves of SPI 9 for each homogenous regions in the Pearl River Basin, (a) 
region I, (b) region II, (c) region III, and (d) region IV. And three most severity hydrological annual drought in that region 
are illustrated. 
 
of 1963-1964 is characterized by the hydrological annual 
droughts with the highest drought severity respectively 
corresponding to the short-, medium- and long-term 
drought events. Thus, this time interval can be taken as 
the typical time for risk evaluation of droughts.. Besides, 
the time interval of 1989-1990 is the time when hydro-
logical annual droughts are also of high severity corre-
sponding to the short-, medium- and long-term droughts, 
and can be considered for disaster risk management of 
the Pearl River Basin. 

5. Conclusions 

In this study, the homogeneous regions were clustered 
based on the statistical characteristics of monthly pre-
cipitation at a annual time scale. The entire Pearl River 
Basin can be categorized into 4 homogeneous regions. If 
the consecutive six month with maximum precipitation in 
a year are considered as a rainy season, then the rainy  

season for Region I is from May to October; Region II 
from April to September; Region III from March to Au-
gust and Region IV from April to September. 

Droughts corresponding to the short-, medium- and 
long-term periods are of great importance for different 
water resource management strategies. In this case, the 
Severity-Area-Frequency analysis for each homogeneous 
region corresponding to the short-, medium- and long-term 
drought show that when there occurs a severe drought, 
the drought events may have impacts on the entire Pearl 
River Basin. This result poses considerable challenges 
for the effective and integrated water resources manage-
ment focusing on the entire Pearl River Basin, but not on 
specific parts of the Pearl River Basin. As for short-term 
drought, the drought severity in Region III is higher than 
that in other regions while Region IV is an exception 
where the drought is of lower severity. As for the me-
dium-term drought, the drought severity in Region IV is 
higher than that in other regions while Region III is ex-
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ception when the drought severity is lower. As for long- 
term drought, however, the drought severity in Region I 
is higher than that in other regions while Region III is an 
exception where drought severity is lower. 

The Region IV is where the Pearl River Delta is lo-
ca

964 is the time interval with the highest
dr

6. Acknowledgements 

supported by the National 

g Sci-

rogram for 

REFERENCES 
[1] J. A. Dracup, ulson Jr., “On the 

7

ted, and the Pearl River Delta is one of the highly eco-
nomically developed regions in China with Dense cities 
and large population, a high risk of medium-term drought 
will undoubtedly pose higher risk for sustainable devel-
opment of the regional socio-economy and also for social 
stability of that region. In this sense, considerable con-
cerns should be attached to effective and integrated water 
resources management with focus on the entire Pearl 
River Basin. 

The 1963-1  
ought severity related to the short-, medium- and 

long-term drought. And drought events occurred in this 
time interval can be taken as the typical year for drought 
disaster risk management of the Pearl River Basin. The 
analysis procedure and ideas behind this study may pro-
vide a useful reference for drought risk assessment in 
other river basins; and the study results will be of some 
scientific merits in terms of water resource management 
in the changing environment in the Pearl River Basin. 
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