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Regional Taiwan rainfall frequency analysis using
principal component analysis, self-organizing maps
and L-moments
Lu-Hsien Chen and Yu-Ting Hong

ABSTRACT
The objective of this paper is to propose an approach, which consists of principal component analysis
(PCA), self-organizing maps (SOM) and the L-moment method, for improving estimation of desired
rainfall quantiles of ungauged sites. Firstly, PCA is applied to obtain the principal components. Then SOM
is applied to group the rain gauges into speciﬁc clusters and the number of clusters can be objectively
decided by visual inspection. Moreover, the L-moment based discordancy and heterogeneity are used to
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test whether clusters may be acceptable as being homogeneous. After the gauges are grouped into
speciﬁc clusters, the homogeneous regions are then delineated. Finally, goodness-of-ﬁt measure is used
to select the regional probability distributions and the design rainfall quantiles with various return
periods for each region can be estimated. The proposed approach is applied to analyze and quantify
regional rainfalls in Taiwan. The proposed approach is a robust and efﬁcient way for regional rainfall
frequency analysis. Moreover, one can easily assign an ungauged site to a previously deﬁned cluster
according to a map of homogeneous regions. Therefore, the proposed approach is expected to be useful
for providing the design rainfall quantiles with various return periods at ungauged sites.
Key words
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INTRODUCTION
Rainfall frequency analysis, which involves the estimation of

such as mean, standard deviation, skewness and kurtosis.

distributional parameters and the extrapolation of cumulat-

Due to problems arising from data quality, such as short

ive distribution functions to estimate extreme rainfall

record and outliers, conventional moments are problematic.

values, is very important in the areas of hydrology. Accurate

Hosking & Wallis () developed L-moments which are

estimation of rainfall frequency is needed in many hydraulic

linear combinations of order statistics. The main advantage

designs such as dams, culverts and urban drainage systems.

of L-moments over conventional moments is that they suffer

For locations without observed data, regional rainfall fre-

less from the effects of sampling variability. They are more

quency analysis is often needed to estimate T-year event

robust to outliers and virtually unbiased for small samples

magnitude. It attempts to respond to the need for rainfall

(Hosking & Wallis ). More recently, hydrologic research-

estimation in ungauged sites and for improving the at-site

ers have focused on the L-moment approach and it is

estimate by using the available rainfall data within a region.

increasingly used in regional frequency analysis (Fowler &

The aforesaid rainfall quantiles can then be estimated

Kilsby ; Rao & Srinivas a, b; Parida & Moalafhi

using an appropriate statistical model and an appropriate par-

; Meshgi & Khalili ).

ameter estimation technique, provided that the data do not

For a regional analysis to be successful, the identiﬁcation

exhibit any persistence. Different approaches are presented

of homogeneous regions ﬁrst using the historical data is

which use conventional moments to extract order statistics

essential. The basic idea behind regional rainfall frequency
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analysis is to make use of similarities in the characteristics of

the SOM can identify the homogeneous regions more accu-

rainfalls at different sites in a region. Consequently, regional

rately as compared to the other two clustering methods.

homogeneity is an important requirement and a critical

In the past analyses, there is no theoretical principle for

issue in such an analysis. Cluster analysis is traditionally

determining the optimum size of the output layer, and hence

employed to perform identiﬁcation of homogeneous regions

the output layer is kept large to ensure that the maximum

for regional rainfall frequency analysis. The clustering

number of clusters is formed from the training data. About

methods consist of hierarchical methods, like Ward’s

the number of iterations, as a general rule, it must be at least

method, and the non-hierarchical methods, such as the K-

500 times the number of output neurons in the network

means method (Mingoti & Lima ). However, each clus-

(Haykin ). If all of the independent variables are used

tering method carries its own shortcomings. Especially,

directly as input variables to the SOM, the method will need

determination of an optimal number of clusters is a difﬁcult

more time to obtain the feature map. In order to save compu-

task. Moreover, different choices of clustering methods

tation time, transformed data resulting from principle

often lead to different clustering results even though the

component analysis (PCA) were used as input variables to the

same data sets are analyzed (Nathan & McMahon )

SOM in this paper. PCA is a linear transformation technique

and so conventional cluster analysis may not be the best tech-

that provides a smaller set of uncorrelated variables (called

nique for regionalization in frequency analysis. These

components) from a set of correlated variables while maintain-

problems must be solved and self-organizing maps (SOM)

ing most of the information in the original data set. PCA is often

can present an alternative to solve the problems.

used as a preprocessing step to clustering (Everitt ), and it is

The SOM can project high-dimensional input space on a

in an attempt to reduce the number of variables. This factor is

low-dimensional topology so as to allow one to compute the

important because it helps to reduce future data collection

number of clusters directly by sight. Having a capability to

costs. Usually, most of the variation in a large group of variables

preserve the topological structure of data is the main advan-

can be captured with only a few principal components.

tage of the SOM algorithm (ASCE a). This capability

The purpose of this paper is to carry out the regional rain-

helps one to discover the relationships among complex data

fall frequency analysis for annual maximum daily rainfall in

and to group data into clusters. Mangiameli et al. () and

Taiwan using PCA, SOM and L-moment method. The paper

Michaelides et al. () showed the better performance of

is organized as follows. First, the theories of PCA, SOM and

SOM in hydrologic clustering than that of conventional clus-

L-moment method are presented, respectively. Then its appli-

tering techniques. Detailed reviews of SOM along with

cation on rainfall is addressed and ﬁnally as a case study,

assessments of their application in water resources and

regional rainfall frequency by combining PCA, SOM and L-

hydrology can be found in ASCE (b) and Kalteh et al.

moments in Taiwan is mentioned. The PCA and SOM are

(). In Taiwan, SOM has also been applied in hydrology,

applied to identify the homogeneous regions, and the L-

including ﬂood forecasting (Chang et al. ; Yang &

moments are used for parameter estimation, homogeneity test-

Chen ), groundwater modeling (Lin & Chen ), pre-

ing and selection of the regional distribution. Finally, the

cipitation data (Hsu & Li ), typhoon-rainfall forecasting

desired rainfall quantile estimates with different return periods

(Lin & Wu ) and design hyetographs (Lin & Wu ;

for each homogeneous region are estimated and the character-

Lin et al. ). Recently, SOM has been applied in delinea-

istics of design rainfalls in each cluster are also discussed.

tion of homogeneous regions for regional ﬂood frequency
analysis (Hall & Minns ; Hall et al. ; Zhang & Hall
). For regional rainfall frequency analysis, Lin & Chen

METHODOLOGY

() used the SOM, K-means method and Ward’s method
to identify the rainfall-homogeneous regions based on

Principal component analysis

site characteristics, which include the site’s geographic
location, indicators of rainfall amount, and indicators of the

Principal component analysis (PCA) is a well known linear

distribution of the amounts through a year. They show that

optimization method that maximizes the explained variance
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of a dataset by an orthogonal set of eigenvectors, and it has

corresponding input patterns, and the density map can yield

numerous applications in various science and engineering

an objective number of clusters for input patterns. These are

problems. PCA mathematically transforms a dataset into a

the advantages of SOM over the conventional clustering

reduced set of uncorrelated (i.e. orthogonal) variables

methods. For more details regarding the SOM learning pro-

which represent as much as possible of the information con-

cesses please refer to Kohonen ().

tained within the original data. The principal components
(PCs), which are obtained through eigenanalysis of the cor-

Method of L-moments

relation or covariance matrix, are selected in order of the
amount of variance. The ﬁrst PC is that component which

The approach based on the theory of L-moments was ﬁrst pro-

has the greatest possible variance, the second PC has the

posed by Wallis (), and then developed by Hosking &

second greatest variance, and so on. Eigenvalues describe

Wallis (). L-moments are summary statistics for

the amount of variance explained by each PC, and thus

probability distributions and data samples. They are

decrease with each successive PC extracted. A detail of the

analogous to ordinary moments, because of providing

PCA method can be found in Jolliffe ().

measures of location, dispersion, skewness, kurtosis, and
other aspects of the shape of probability distributions or data

Self-organizing maps

samples, but are computed from linear combinations of the
ordered data values. L-moments may be applied in four steps

The SOM is a learning algorithm that was originally pro-

of the regional frequency analysis including screening of the

posed by Kohonen (). The SOM consists of one input

data, identiﬁcation of homogeneous regions, choice of a fre-

layer and one output layer (Kohonen layer). The input

quency distribution and estimation of the frequency

layer of neurons is fully connected to the output layer. An

distribution (Hosking & Wallis ). The main advantages

attractive ability of the SOM is to map high-dimensional

of L-moments over conventional moments are that they are

input space into low-dimensional space. The topological

able to characterize a wider range of distributions, are less sub-

structure of the SOM can be one or two dimensional.

ject to bias in estimation and more robust to the presence of

Higher dimensions are acceptable but not common.

outliers in the data. Basically, L-moments are linear functions

The SOM is trained using an unsupervised competitive

of probability weighted moments (PWMs):

learning algorithm which is a process of self organization.
After SOM training is complete, a feature map is then

r

β k ¼ E{X[F(x)] }

(1)

obtained by labeling all winning neurons in the output
space with the identities of corresponding input patterns.

where F(x) is the cumulative distribution function of x. The

The feature map is two dimensional and composed of grids

ﬁrst four L-moments expressed as linear combinations of

that represent neurons in the Kohonen layer. The winning

PWM are:

neuron shows the topological location of the input pattern.
The neighborhood of the winning neuron shows the statisti-

λ1 ¼ β 0

(2)

λ2 ¼ 2β 1  β 0

(3)

λ3 ¼ 6β 2  6β 1 þ 6β 0

(4)

λ4 ¼ 20β 3  30β 2  12β 1  β 0

(5)

cal distribution of the input pattern. Once the clusters are
formed in the feature map, the data records from each cluster
can be sampled and the density map can then be constructed.
Initially, the number of members in each grid of the feature
map is counted. The number of members represents the frequency that the grid has been ‘imaged’ by speciﬁc input
patterns. Then, every grid is labeled with an integer which
is the number of members in that grid. If there are no members in a grid, the label is left blank. Hence, the feature map
can

show

the

topological

relationships
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λ2/λ1, is termed the L-coefﬁcient of variation, τ2. The ratio λ3/

average statistics using Kappa distribution. Heterogeneity

λ2, is referred to as τ3 or L-skewness, while the ratio λ4/λ2, is

measure H is computed as below:

referred to as τ4 or L-kurtosis. A detailed description of the
L-moments can be found in Hosking & Wallis ().

H¼

(V  μV )
σV

(9)

Screening of data
where V is weighted (standard deviation) L-coefﬁcient of
The aim of this stage is to form groups of gauges that satisfy

variation, τ2, μV and σV are the mean and standard deviation

the homogeneity condition, those gauges with frequency dis-

of 500 values of V. The value of H-statistic indicate that the

tributions that are identical apart from a gauge–speciﬁc

region under consideration is acceptably homogeneous

scale factors. This is usually carried out by dividing the

when H < 1, possibly heterogeneous when 1  H < 2, and

sites into disjoint groups. Hosking & Wallis () present

deﬁnitely heterogeneous when H  2 (Hosking & Wallis

a discordancy measure. In this approach, if any point does

).

not appear to belong to the cluster of such points on the
L-moment diagram, that is, is far from the center of the clus-

Choosing the best-ﬁt frequency distribution

ter, the site related to that point should be removed from the
region due to a nonhomogeneity condition. Discordancy

In regional frequency analysis, a single frequency distribution

measure Di of a site can be calculated by:

is ﬁtted to the data from several sites in a homogeneous
region. Hosking & Wallis () proposed an appropriate

1
 )T A1 (ui  u
)
Di ¼ (ui  u
3

(6)

method for goodness-of-ﬁt criterion based on L-kurtosis.
The goodness-of-ﬁt criterion, Z-statistic, is deﬁned as:

A¼

¼
u

N
1 X
 )(ui  u
 )T
(ui  u
N  1 i¼1

(7)

N
1X
ui
N i¼1

(8)

ZDIST ¼

(τ DIST
 t(R)
4
4 þ β4 )
σ4

(10)

where τ DIST
is average of τ4 computed from simulation of a
4
ﬁtted distribution, σ 4 is standard deviation of τ4 obtained from
simulated data, β4 and δ4 are the bias and standard deviation
of τ4, respectively. The goodness-of-ﬁt measure, Z, judges how

where N is the total number of sites and ui is deﬁned as a

vector containing the L-moment ratios for site I, and u

well the simulated L-skewness and L-kurtosis values obtained

and A are the group averages and sample covariance

from the observed data. A probability distribution with the

matrix of u, respectively. Generally, sites with D-statistics

smallest value of |Z| is considered the best choice among pos-

greater than 3 are considered to be discordant from the

sible distributions. At the signiﬁcance level of α ¼ 0.10, the

rest of the region.

critical value of Z is 1.64, i.e., if a probability distribution
whose |Z|  1.64, then it is assessed to be an acceptable distribution for representing sample data at α ¼ 0.10.

Heterogeneity test for regions
For testing the regional homogeneity, a test statistic H,
termed

as

heterogeneity

measure was proposed

Estimation of rainfall quantiles

by

Hosking & Wallis (). Through a Monte-Carlo simulation

Using the regional parameters for the identiﬁed distribution,

exercise, it compares the inter-site variations in sample

standardized quantiles for the region with speciﬁed return

L-moments for the group of sites with what would be

periods can be estimated, and they are then multiplied by

expected of a homogeneous region. A number of 500 data

the gauge speciﬁc annual average rainfall to obtain the

regions are generated based on the regional weighted

desired rainfall quantiles for the rain gauge in question.
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2,540 m above sea level. The rainfall data are collected
from computer archives of the Water Resources Agency.

In this paper, actual rainfall data of Taiwan are used. As

These rain gauges have 20 or more years of rainfall record

shown in Figure 1, Taiwan is located at the southeast of

and all gauges are currently operational. There are no signiﬁ-

Asia in the Western Paciﬁc (between Japan and the Philip-

cant and spatially uniform trends in extreme rainfall events

2

pines) with a total area of 36,000 km . The shape of Taiwan

over the period under study, so the basic assumption of the

is long and narrow, and the middle of Taiwan is the Central

regional analysis, which relies on stationary processes, is not

Mountain Range. The mountainous area with elevation

violated.

higher than 1,000 m occupies 32% of the island, hills and plateaus of 100 m to 1,000 m cover 31% of the island, and the rest
of the island is plain with elevation less than 100 m. The con-

RESULTS AND DISCUSSIONS

tour map of mean annual rainfall in Taiwan is shown in
Figure 2. The mean annual rainfall in Taiwan is around

Principal component analysis

2,500 mm, it reaches 3,000 to 5,000 mm in the mountainous
regions. However, up to 80 percent of that comes between

In this section, a PCA is performed on the series of annual

May and October during the summer typhoon season in par-

maximum daily rainfall values from 127 gauges in Taiwan.

ticular. The maximum one hour rainfall reaches 300 mm, the

Rainfall records at 1 h intervals for the 127 gauges are avail-

maximum one-day rainfall reaches l,748 mm which is 93.4%

able for 20 years from 1988 to 2007. Hence, there are 20

of the world record (1,870 mm). In comparison with the

input values for each rainfall gauge used in the PCA. The

records in the world, the one-hour to 3-day maximum rainfalls

PCs are ordered in such a way that the variance explained

in Taiwan are approximately 85 to 93% of the world records.

by the ﬁrst PC is the greatest, the variance explained by

Figure 1 shows the study area and the locations of 127

the second one is smaller, and so on, until that of the last

rain gauges. Elevations of the rain gauges range from 3 to

one is the smallest. The PCs represent the feature pattern

Figure 1

|

The study area and the locations of rainfall gauges.
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Results of principal components analysis on 127 annual maximum daily rainfall
data

Figure 2

|

The contour map of mean annual rainfall in Taiwan (mm).

No. of principal

Eigen

Variance

Total variance

component

value

explained (%)

explained (%)

1

0.21

19.61

19.61

2

0.14

13.06

32.67

3

0.13

12.00

44.67

4

0.10

8.83

53.50

5

0.09

8.50

62.00

6

0.07

6.41

68.41

7

0.06

5.45

73.86

8

0.06

5.21

79.07

9

0.04

3.56

82.63

10

0.03

2.89

85.52

11

0.03

2.70

88.22

12

0.02

2.28

90.50

13

0.02

1.87

92.37

14

0.02

1.78

94.15

15

0.02

1.49

95.64

16

0.01

1.15

96.79

17

0.01

0.99

97.78

18

0.01

0.95

98.73

19

0.01

0.65

99.38

20

0.01

0.62

100.00

of annual maximum daily rainfalls. Hence, designable feature pattern of annual maximum daily rainfalls can be
determined when rain gauges are grouped into clusters.

where E is the normalized value, and Gmin and Gmax are the

The results of the PCA are presented in Table 1. As shown

minimum and maximum values in the data set, respectively.

in Table 1, one can ﬁnd that the ﬁrst nine PCs explain

Equation (11) shows that these site characteristics are

over 80% of the information.

rescaled so that their values lie between 0 and 1. This normalization is done separately for each variable.
When SOM is applied to perform cluster analysis, a SOM

SOM-based clustering

of a small dimension is the ﬁrst choice. If the SOM-based
SOM is used to group the rain gauges into speciﬁc clusters

clustering result is reasonable and satisfactory, the cluster

based on the transformed data resulting from PCA and the

analysis is accepted. Otherwise, a SOM of a larger dimension

geographic characters of the gauges, including gauge latitude

is chosen to analyze input patterns and this situation contin-

(m), gauge longitude (m) and elevation (m). Because the

ued until a satisfactory result is obtained. After a total of

scales of the data sets are very different and the clustering

98,000 iterations (500 times the number of neurons), the

methods are very sensitive to such scale differences, the vari-

SOM is constructed. Once the feature map is available,

ables must be normalized to avoid different weights of data.

the density map can then be constructed. Figure 3 presents

The normalization is performed using the following equation:

the two-dimensional density map obtained on a network of
14 × 14 cells. The numbers in the lattices represent

E¼

G  Gmin
Gmax  Gmin
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Results of discordancy measures and heterogeneity tests for the 17 clusters
obtained by the SOM based on the principal components
Heterogeneity measure H
Number of

Discordancy

No. of cluster

gauges

measure D

H1

H2

H3

1

23

0.22–2.28

1.14

0.06

0.82

2

5

0.42–1.32

0.86

0.12

0.26

3

9

0.04–1.51

0.14

0.19

0.42

4

4

1.00

0.23

0.41

0.81

5

4

1.00

1.26

0.72

0.33

6

5

1.00

0.84

0.40

0.69

7

16

0.72–1.32

0.72

0.69

0.80

zero-numbered lattices. As shown in Figure 3, the map is

8

8

0.07–1.73

0.34

1.00

1.09

divided into 17 regions. That is, the 127 rain gauges in

9

7

0.42–1.90

1.16

1.22

0.96

Taiwan can be grouped into 17 clusters. The locations of

10

5

0.07–2.42

1.20

2.49

2.04

the rain gauges in each cluster are shown in Figure 4.

11

10

0.10–1.69

0.01

0.08

0.76

12

3

1.00

0.69

0.70

1.39

13

7

1.00

0.54

1.35

1.34

14

7

0.46–1.63

0.76

0.97

1.50

The results of discordancy measures and heterogeneity tests

15

5

0.27–2.11

1.14

2.78

3.11

for the 17 clusters obtained by the SOM are summarized in

16

4

0.35–1.24

1.00

0.46

0.64

Table 2. Discordancy measures for the 17 clusters are found

17

5

0.48–1.61

0.41

1.97

2.47

Figure 3

|

The density map derived from the SOM of dimensions 14 × 14.

Homogeneity test for regions

between 0.07 and 2.42. The data range shows no discordancy
for these clusters. In addition, Table 2 shows that the values

of different heterogeneity measures, H1, H2 and H3 for the 17
clusters are all found under 1. Hence, for the SOM method
all regions are ‘acceptably homogeneous’. These results
demonstrate that the 17 regions are sufﬁciently homogeneous.
Delineation of homogeneous regions
When the rain gauges are grouped into speciﬁc clusters using
the SOM, the next step is to delineate the homogenous region
for each cluster. Because the rainfall characteristics at ungauged
sites are unknown, a logical assumption is that the correlation of
rainfall characteristics between two locations increases with
decreasing distance. In this paper, Taiwan is divided equally
into grid squares of 500 m × 500 m. The grid latitudes and longitudes are prior calculated and the grids are then formed. Finally,
the cluster to which each grid belongs can be determined. The
homogeneous regions for the 17 clusters obtained by PCA
and the SOM in Taiwan are shown in Figure 5. A gauged site
or ungauged site can be assigned to a proper homogeneous

Figure 4

|

Location of the sites in 17 clusters obtained by the SOM based on the principal
components.
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for the delineated homogeneous regions are shown in
Table 3. According to the analysis of results of goodness-ofﬁt test (Z-statistic), one can ﬁnd that some regions have
only one acceptable distribution, but in some regions the all
the candidates are acceptable. The distribution, which produces the least Z-statistics from among the other plausible
distributions, is chosen as the underlying distribution,
because it indicates that this distribution ﬁtted the data
better than others. For example, the values of Z-statistic
related to GEV, LN3 and PE3 distributions for Region 1 are
less than the critical Z-statistic value (1.64). Therefore, these
distributions may be used in regional frequency analysis
for the regions, and the GEV distribution which has the least
Z-statistic (0.72) is considered as the best-ﬁt distribution.
Chosen distribution type and function for each homogeneous
region is presented in Table 4. It can be seen that the GPA
distribution is acceptable most often, in nine of the homogeneous regions.
Once Taiwan has been divided into 17 homogeneous
regions, the data for each region is analyzed and a best-ﬁt distribution is chosen and ﬁtted for each region. In Taiwan, there are
Figure 5

|

The 17 homogeneous regions obtained by PCA and the SOM in Taiwan.

Table 3

|

Results of goodness-of-ﬁt measures for each region

|Z|

Choosing the best-ﬁt frequency distribution
No. of region

GLO

GEV

LN3
a

PE3
a

GPA
a

After conﬁrming the homogeneity of the 17 regions, an appro-

1

3.90

0.72

1.23

1.09

5.38

priate distribution needs to be selected for the regional

2

4.84

2.79

3.35

3.34

0.86a

rainfall frequency analysis. In other words, all gauges in a

3

4.21

2.41

2.45

2.15

1.29a

homogeneous region should have the same population

4

3.21

2.77

2.36

1.66

1.53a

a

L-moments. The identiﬁcation of an appropriate regional dis-

5

3.05

2.22

1.96

1.45

0.28a

tribution for the 17 regions is based on the Z-statistic. The

6

4.58

3.11

3.16

2.93

0.09a

a

selection is carried out by comparing the moments of the can-

7

4.08

1.95

1.95

1.55

2.48

didate distributions with the average moments statistics

8

5.55

4.04

3.85

3.34

0.72a

derived from the regional data. The best ﬁt to the observed

9

2.78

1.38a

1.32a

0.99a

1.60a

data indicates the most appropriate distribution. A number

10

5.85

4.32

4.39

4.18

1.19a

of ﬁve three-parameter distributions, i.e. Generalized logistic

11

4.38

3.52

3.41

3.10

1.62a

(GLO), Generalized extreme value (GEV), three-parameter

12

1.68

0.94a

0.78a

0.43a

0.74a

a

lognormal distribution (LN3), Pearson type III distribution

13

1.25

2.05

2.28

2.74

3.90

(PE3) and Generalized Pareto distribution (GPA) are ﬁtted

14

3.36

2.81

2.64

2.31

1.52a

to the regions. Z-statistics computed using Equation (11)

15

0.82a

0.43a

0.04a

0.86a

0.73a

with the total data, reveal that ﬁve distributions are the pos-

16

1.46a

0.68a

0.47a

0.06a

1.13a

sible candidates which can describe the observed data well.

17

a

a

a

a

1.42a

The Z-statistics concerning with some statistical distributions
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0.62

0.06

0.30

The distribution may be accepted as a regional distribution.

0.92
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Chosen distribution type and function for each homogeneous region

No. of
region

Probability
distribution type

Cumulative distribution function

1

GEV

F(x) ¼ e(0:4268x1:353)

2

GPA

F(x) ¼ 1  (1:1572  0:6634x)0:9756

3

GPA

F(x) ¼ 1  (1:2563  0:6133x)1:8018

4

GPA

F(x) ¼ 1  (1:024  0:0625x)25

5

GPA

F(x) ¼ 1  (1:1621  0:3777x)3:6364

6

GPA

F(x) ¼ 1  (1:2857  0:6493x)1:7483

5:814

7

PE3

F(x) ¼ G(5:565x þ 0:6229, 6:188)

8

GPA

F(x) ¼ 1  (1:1862  0:4786x)2:4213

9

PE3

F(x) ¼ G(5:568x  0:0057, 5:0612)

10

GPA

F(x) ¼ 1  (1:1266  0:4983x)1:692

11

GPA

F(x) ¼ 1  (1:0655  0:3543x)2:4631

12

PE3

F(x) ¼ G(2:9548x  0:1677, 2:7871)

13

GLO

F(x) ¼ [1 þ (1:0142x þ 0:0660)4:6512 ]

14

Hydrology Research

GPA

1

3:5336

F(x) ¼ 1  (1:0374  0:258x)

15

LN3

F(x) ¼ ϕ(  1:3569 ln x  0:2888)

16

PE3

F(x) ¼ G(2:8571x  0:2971, 2:56)

17

GEV

F(x) ¼ e(0:5146xþ0:6064)

6:2893

different distributions (GPA, GEV, PE3, GLO, and LN3) with

Figure 6

|

The contour map of Taiwan (m).

different parameters for the 17 regions. However, according to
Figure 5 and Table 4, one can see that the contiguous regions

Regional rainfall quantile estimation

have different probability distribution types. For example, the
regions 1, 7 and 13 are contiguous in the south-east of

The next step in regional rainfall frequency is to estimate

Taiwan (see Figure 5), but there are different probability distri-

rainfall quantiles in the homogeneous region. The desired

bution types such as GEV, PE3 and GLO for the three regions

rainfall quantile estimates with different return periods for

(see Table 4). The reason is that the distribution of water

each homogeneous region are laid out in Table 5. As indi-

resources in Taiwan is uneven both temporally and spatially.

cated in Table 5, the 5-year rainfall depths is between

On average, approximately 80% of annual rainfall occurs

224.0 mm (Region 17) and 540.2 mm (Region 7); the 10-

during the wet period, from May to October, with typhoons

year rainfall depths is between 277.4 mm (Region 17) and

and south-western convective storms accounting for most of

630.2 mm (Region 7); the 20-year rainfall depths is between

this rainfall. The period from November to April is the dry

315.1 mm (Region 12) and 707.4 mm (Region 7); the 50-year

season, and accounts for only around 20% of mean annual

rainfall depths is between 355.0 mm (Region 12) and

rainfall. Furthermore, the island of Taiwan is sectioned into

796.7 mm (Region 7); the 100-year rainfall depths is between

two distinguished parts by the Central Mountain Range (see

381.8 mm (Region 12) and 857.3 mm (Region 7). According

Figures 2 and 6). Foothills from the Central Mountain Range

to the above results, one can ﬁnd that the maximum T-year

lead to tablelands and coast plains in the western (Region 7)

rainfall depths of one-day duration in Taiwan occur in

and south Taiwan (Region 13). The eastern Taiwan (Region 1)

Region 7, which belongs to the mountain areas of southwest

is characterized by long and narrow gorges. Therefore, in regions

Taiwan. On the other hand, the minimum T-year rainfall

1, 7 and 13, the three different distributions are used, although

depths of one-day duration in Taiwan occur in Region 12

the three regions are contiguous in the south-east of Taiwan.

and Region 17, which are located on the southwest coast
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Quantile estimates with different return periods for each homogeneous region
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can ﬁnd that the ﬁve gauges are located at higher elevations.
Therefore, the 100-year rainfall depth for Region 15 is

Rainfall quantiles (mm)

greater than that for Regions 8 and 3. It is suggested that,

Region

T ¼ 10 yr

T ¼ 20 yr

T ¼ 50 yr

T ¼ 100 yr

T ¼ 200 yr

in order to overcome these problems, the rainfall gauges

1

408.4

483.8

551.3

632.5

688.9

shall be installed on the west coast of Region 15.

2

447.3

528.0

599.3

683.8

741.7

3

324.4

368.9

406.4

449.1

477.6

4

331.6

394.8

449.9

514.9

559.4

5

266.8

309.5

346.3

389.2

418.3

6

267.4

303.7

334.4

369.5

393.0

The estimation of annual maximum rainfall in a region

7

540.2

630.2

707.4

796.7

857.3

where no data is available is very important for engineering

8

277.4

322.4

361.1

406.1

436.6

hydrologic design. The main purpose of the study aims to

9

310.6

363.1

408.1

460.3

495.6

investigate the regional rainfall frequency for ungauged

10

427.9

499.5

560.0

629.0

675.1

sites. The PCA, SOM and L-moments are applied for

11

474.0

566.8

646.1

737.8

799.8

regionalization of annual maximum rainfall in Taiwan.

12

239.5

280.4

315.1

355.0

381.8

This study is based on 20 or more years of annual rainfall

13

422.2

507.7

592.3

705.6

793.3

data at 127 rain gauges across Taiwan. First, PCA is applied

14

435.6

520.8

593.8

678.4

735.8

to obtain the PCs. It is found that the ﬁrst nine principal

15

372.8

467.9

565.4

700.1

806.4

components explain over 80% of the information. Based

16

452.0

535.7

607.3

690.1

746.2

on the transformed data resulting from PCA and the geo-

17

224.0

277.4

335.3

421.3

495.1

graphic characters of the gauges, the SOM is used to

SUMMARY AND CONCLUSIONS

group the rain gauges into speciﬁc clusters. A twodimensional density map indicates that the 127 rain
of Taiwan. The contour map of Taiwan is shown in Figure 6.

gauges can be grouped into 17 clusters. That is, the 17 homo-

According to Figure 6 and Table 5, one can ﬁnd that the

geneous regions for regional frequency analysis can be

T-year rainfall depths increase with the increasing elevation

delineated. One can determine which ungauged site belongs

of the gauges. Especially near the Central Mountain Range,

to which region according to the location of the site, and

the T-year rainfall depths become greater. In other words,

then the desired rainfall quantiles with various return

altitude has a great inﬂuence on regional rainfall frequency

periods for ungauged site can be estimated. Moreover, the

analysis in Taiwan. For future hydrologic designs, one can

L-moment based discordancy, and heterogeneity are used

determine which ungauged site belongs to which region in

to test whether regions may be acceptable as being homo-

Figure 5 according to the location of the site, and then the

geneous and goodness-of-ﬁt measures is used to select the

desired rainfall quantiles with various return periods for

regional probability distributions of rainfalls. The results

ungauged site are obtained according to Table 5.

show that the 17 regions are sufﬁciently homogeneous,

According to Figure 6 and Table 5, it is observed that the

and the best regional probability distributions for 17 regions

regions 15, 8 and 3 are all on the west coast of Taiwan and

are determined. Finally, the design rainfall quantiles with

there are no elevation differences, but the 100 year return

various return periods for each region are estimated. In

period daily precipitations for regions 15, 8 and 3 are 700,

the proposed approach, the design rainfall quantiles at the

406 and 449 mm, respectively. The 100-year rainfall depth

point of interest can be easily determined once the homo-

for Region 15 is more than 200 mm greater than other two

geneous regions are available. Moreover, the results show

similar regions (Region 8 and Region 3) because there is

that the desired rainfall quantiles with various return

no rainfall gauge on the west coast of Region 15 (see

periods increase with the increasing elevation of the

Figure 4). That is, there are only ﬁve gauges near the Central

gauges in Taiwan. In our proposed approach, a gauged site

Mountain Range in Region 15. According to Figure 6, one

or ungauged site can be assigned to a proper region
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according to the map of homogeneous regions (Figure 5),
and then the regional rainfall frequency analysis will be performed

easily.

Hence,

the

proposed

approach

is

recommended as an alternative to regional rainfall frequency analysis because it can not only objectively
determine the suitable number of homogeneous regions,
but also produce reasonable desired rainfall quantiles.
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