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ABSTRACT

In recent years, flood issues have dme more frequent in Peninsular Malaysi&his
studyis focusedn the determination of a better approach for deriving rainfall intensity
durationfrequency (IDF) relationship in Peninsular Malaysibased on 60 selected
rainfall stations in Peninsular Malaysia by using two data series: annual maxima series
(AMS) and partial duration series (PDS), with their corresponding statistical
distribution: generalized extme value (GEV) distribution and generalized Pareto
(GPA) distribution Besides,the minimum interevent time(MIT) for separation of
rainfall events in Peninsular Malaysieed to be identified foextractingPDS After

some preliminary studies, it is fodrthat to achieve these goaBssoftware packages

must be developed as the amount of work requicedextractingrainfall data and
performing analysis are enormou&ainEMT (for extraction of rainfall data), RainIDF

(for derivation of IDF relationship)ral RainMap o displaydesign rainfall effectively).
These softwares have been developed and the results of this study show that an MIT of
6 hours is suitable for separating rainfall eventsefdraction ofPDS, and thenodel

based on fitting PDS tthe GPA distribution isfound to bemore suitablethan the

model based on fitting AMS with the GEV distributidar deriving rainfall IDF

relationship in Peninsular Malaysia.



ABSTRAK

Dalam tahurtahun kebelakangan ini, issu banjir telah menjadi keh kerap di
Semenanjung Malaysi&Kajian ini bertumpu kepada penentukaedahyang paling

sesuai untuk mendapat lengkongan IDF (interdimationfrequency) hujan di
Semenanjung Malaysiderdasarkan 60 stesen yang dipilih di Semenanjung Malaysia
denganmenggunakan dua jenis siri data: annual maxima series (AMS) dan patrtial
duration series (PDS), dengan kaedah taburan yang sepadan: taburan generalized
extreme value (GEV) dan taburan generalized Pareto (GFin itu, masa minima

(MIT) yang diperlukan otuk memisah data hujan kepada hujan individerlu
ditentukan bagi tujuan mengekstrak PDBagi mencapai matlamatatlamat ini,
beberapa perisian (software) pedibina kerana jumlah kerja yang perlu dilakukan
untuk mengekstraldata hujan adalah terlalbesar RainEMT (untuk ekstrak data
hujan), RainIDF (untuk menentukan lengkongan IDF) dan RainMap (untuk paparan
hujan reka bentuk yang berkesangrisianperisian ini telah dibina dan hasil kajian ini

telah menunjukkan bahawa MIT yang berjumlah 6 galah sesuai untuk digunakan
untuk pemisahan hujan individu bagi tujuan mengekstrak PDS, serta model yang
berdasarkan PDS dengan taburan GPA adalah lebih sesuai apabila dibandingkan dengan
model yang berdasarkan AMS dengan taburan GEV, bagi tujuan ganddngkongan

IDF di Semenanjung Malaysia.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

The rainfall intensitydurationfrequency (IDF) relationship is important for the
determination of design rainfall to apply in water resources structural design, urban
stormwater management and flood modeling. There are many different procedures
available around the globe to develop the rainfall IDati@nship, however, several
guantitative measuresave to be used to determine the mesitable methodfor a
certain region, such as Peninsular MalayBiae to the impact of climate change, with

the increase of temperature around the globe, the extreemsities of rainfall are now
higher than ever (Trdrerth, 201) Rapid urbanization of certain areas such as Klang
Valley in Peninsular Malaysia is also causing the increase of extreme rainfall intensities

of these areas.

In Malaysia, flash flood eventisave occured frequently in urban areas such as the
Klang Valley. Damages and losses caused by flash floods have been motinisng.
shows the importance of choosing the appropriate procedures to develop IDF
relationship undr the changing climat@andan update to the IDF curves in Peninsular

Malaysiais essential.

1.2  Problem Statement
In the publication “Manual Saliran Mesra Alam — Design Rainfall” (DID, 2000), there
are 26 and 10 IDF curves for urban areas in Penindlddalysia and East Malaysia,

respectively. These curves need to be revised as they have not been revised since 1991



and the period of data where the curves derived from are as low as 7Ayeravs set of
IDF curve need to be generated as they were lagi@#d about 20 years ago and due

to the climate change impact in the late year

There are different methods and approacbegenerate rainfall IDF relationship or IDF
curves but the most important step is the fitting of probabilistic distribution ihéo
rainfall data series. The current IDF curves available in Malaysia have been constructed
based on Gumbel distribution and Annual Maxima Series (AMS). Researchers have
been discussing about the type of distributibat best fit the rainfall data of ¢an

area with two type of data series (Annual Maxima Series (AMS) and Partial Duration
Series (PDS)) (e.g. Bexwvi, 2009; Millington et al., 2011)The suitability of the
probability distributions and data series could vary on different study regiontdue
different climate conditionsAlthough PDS (also known as peak over threshold
approach) is commonly used in the application of flood modeling and analysis, it is
relatively new in Malaysia for the purpose of deriving rainfall IDF relationships.
Therefoe, the best distributiomvith the type of rainfall data serigbat best fit the
rainfall data in Peninsular Malaysia Wie determined in this studyhe distributions

that are included in this study are generalizetteexe values (GEV{listribution for

AMS, and generalized Pareto (GPdistribution for PDS, as these were the popular
distribution discussed by other researchers (€autsoyiannis and Baloutsos (2000)
and BenrzZvi (2009)) Goodnes®f-fit test and L-momentratio diagram areused to

analyzeand determinéhe best fitting distribution.

1.3  Objectives

The main objectives dhis study are listed as below:



X To compare the different data series or approachedAfueual Maxima Series
(AMS) and Partial Duration Series (PDS)with their corresponding probability
distributions (i.e. GEV and GPA distributions) in order to determine to best
approach for derivation of rainfdIDF relationship in Peninsular Malaysia.

X To provide an update of IDF curves that applied the most suitiibée series
and distribution found in this study with the latest rainfall data frdine
department of irrigation and drainadg@!/D) Malaysia

X To produce IDF curvefor 60 rainfall stations in Peninsular Malaysia

1.4  Scope of Study

The study area of thisesearch covers the whole Peninsular Malaysia. Where the
rainfall stations with at least 15 years of rainfall record and are still in operations are
used for analysis. Moreover, the statistical or probability distributions thatosezed

in this study e GEV and GPA distributions. Two types of data techniques are
determined, which is the annual maxima series (AMS) and partial duration series
(PDS). The threshold selection for the PDS data is fixed at a certain level and the
method to estimate the paraews of the distribution in order for comparison purpose is
L-moment method (there are other parameter estimation methods such as: maximum
likelihood (ML), method of moments (MOM) and probability weighted moments
(PWM)). The L-moment ratio diagranms used as goodness-it test as it provides an
overall comparison of the methods used in this stlyorder to develop the IDF
relationship with the best fitting distribution and data series determined in this study, the
onestep least squares methmaposed by Koutsoyiannis et al. (1998) is used, although

there are plenty of other methods available for generation of IDF relationship.



|

1.5 Significance of Study

In order to achieve the main objectives in this study, 3 different software packages have
to be developed. Thesg reusablehydrological software packageswill also benefit
students, engineers and researsh@round the world. This studyill provide more
comprehensive and reliable IDF curves in Malaysia for enginesssarchers, planners,

etc. The outcomesof this study will also provide useful information to relevant
government agency/department such as Department of Irrigation and Drainage (DID)
for the formulation of new regulations for water infrastructure management as well as

changesn design practices.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter reviews some of the most popular statistical or probability distribtdron
fitting of rainfall data, with different type of data series suci\asualMaximaSeries
(AMS) andPartial Duration Series (PDS), which is also known as peak over threshold
(POT) approachBesides, there are different type of quantitative measures that can be
used to determine the most appropriate distribution and data seriézerfiorsular
Malaysia, whichare known as goodnessf-fit tests (such as thé-moment ratio

diagran).

2.2  Statistical Methods
Several numbers of extreme event distributionsuaesl in the field of hydrologylhe
methods that are included in this studgre generalized exeme value (GEV)

distributionand generalized ParefGPA) distribution.

The current method used by DID (Department of Irrigation and Draindgé&ysia
which is alsoone of the most popular method is Gumbel ¥ Elistribution In some
studies wherdéong period of data (e.g. more than 100 years) is not available, the EV1
distributions have found to be as fit as the GEV distribution to the rainfall data and EV1
is preferred in that case since it only has two parameters @#H¥ has three

parametersg.g.Mohymont et al.2004).



In recent years, morstudies (e.g. Koutsoyiannis and Baloutsos, 2000:-8en2009;
Millington et al., 2011) have shown that GE\étributionis more appropriate than EV1
distribution These studies have expredsskepticism for the appropriateness of EV1
distribution for rainfall extremes, which show thtéte EV1 distribution tends to
underestimate the largest extreme rainfall amoufitstudy by Koutsoyiannis and
Baloutsos (2000) shows thaith a longrecord & annual rainfall (i.e136 years)the
underestimation of EV1 distrition is quite substantial (e.d:2). This fact must be
considered as a warning against the widespread use of the EV1 distribution for rainfall
extremestherefore the importance of this studyatmalyze thebest fitting distribution

for Malaysia can be seen, especially when the current intethsifitionrfrequency

curves of DID Malaysia areased on th&V1 distribution.

Besides the concern of inappriteness of EV1 distributiomecent studies have also
demonstratedhe increasing popularity of rainfatinalysisand extreme hydrological
events modelindpased on generalized Par€®PA) distribution with partial duration
series (PDS) or peak over thinetd (POT) approach over the conventional method (e.g.
EV1 and GEV distribubns with annuamaximumseries). This can be seen by some
studies (e.g. Koutsoyiannis and Baloutsos, 2000;-Ben 2009), which show the
superiority of GPA/PDS approach owbe GEV/AMS approach. Thereforéhis study

is focuses on comparing the GPA/PDS model with the GEV/AMS model to see which

model best represent the rainfall data of the Peninsular Malaysia.region

2.2.1 GEV distribution
The generalized extreme value (GEV) dizition is a family or combination of
Gumbel (EV1), Frechet (EV2) and Weibull (EV3) distributions. It is worth noting that

GEV distribution makes use of 3 parameters: locatignscale( U and shapék).



In recent years, more studies (ekgutsoyiannis and Baloutsos, 2000; Bévi, 2009;
Millington et al., 2011)have shown that GEV distribah is more appropriate than
other distributiors that are commonly used fditting annual maxima series (e.qg.
Gumbel and LogPearson Type Il distributions)These studies have expressed
skepticisn for the appropriateness of Gumbddtribution(a family member of the GEV
distribution) for rainfall extremes, wch show that the @Gnbel distribution tends to
underestimate the largest extreme rainfall amounts. A study by Koutsoyiannis and
Baloutsos (2000) shows that with a long record of annual rainfall (i.e. 136)ytee
underestimation of Gumbalistribution is quite substantige.g. 1:2).Zalina et al.
(2002) found that GEV distribution are the best fitted distribution for annual maxima

series in Peninsular Malaysia.

The CDF (cumulative distribution function) and PDF (probability density function) of

GEV (Hosking, 1997pre déined as:

(2.1)
5
. GTFa& P
(:T;LiS’szSF—UG:
(2.2)
BT, LUt >F:sF GUFtS§'FU,?
Where
(2.3)

p:é? ;

UL FG°Z'®F Cwhen G Mr

Tis the random variable of interests the location parametetJis the scale parameter

andk is the shape parameter.



The location parameterg@epresents the shift of a distribution in a given direction on
the horizontal axisThe scale parametektjshows how spread out the distribution is, and
locates where the bulk of the distribution lighie shape parametdrshowns the shape

of the distribution and governs the tail of each distribution. It is the shape parameter that
specifies one of the three asymptotic extrerakle distributions: EV1k= 0), EV2 k<

0) or EV3 k> 0).

GEV distribution

— \\eibull
-=-=-- Frechet
-=—-= Gumbel

0.3 1

0.2 4

0.1

Probability density function

- -
- .
—

A,
-,

0.0

Figure 2.1 Shaps and Tailsof GEV Distribution in the Brm of Gumbel (EV1),
Frechet (EV2) and Weibull (EV3Adapted from ISSE2011).

!

!

As shown in Figure.l, Gumbel is a distribution with a light upper tail and positively
skewed. Frechet has a heavy upper tail and infinite higher praerents, and Weibull

is a distribution with a bounded upper tdV1 is effective for small sample sizes,



however when the samplesize is greater than 50, GEV shows a better overall

performance (Cunnane, 1989).

The extreme quantile; ; of the correspating return periodT and duration from the
annual maxima series can be computed by using the inverse CDF of the GEV

distribution:

(2.4)

\52@ j1 @75 A
i L aeE ,whena Mr

(2.5)

i LaF UZ@ Z4Awhenal r

It is worth noting that the GEV distribution turns into Gumbel distribution when the
shape parameteiis equal to zero. Gumbel distribution is often chosen for its ease of
use, since it only consists of 2 parameters (without the shape parameter). Hdyeve
implementing the automated distribution fitting function in RainIDF, all 3 parameters of
GEV distribution can be estimated easily and thus, eliminates tparaPneter

advantage of the Gumbel distribution

2.22 Generalized Paretodistribution
The GPA distribution is one of the mogopulardistributions used for partial duration
or POT analysige.g.Beguer'a, 2005Ben-2vi, 2009 Palynchuk and Guo, 20P8The

CDF and PDF of GPAistribution as defined by Hoskiramd Wallis(1997) is:



(2.6)
(:T;L sF A
(2.7)

B:T: L U?SA?iS? i

Where,

(2.8)

UL Fa%’57 ‘B F——'Ewhena Mr

(2.9)
UL i whenalL r
ads the location parameterJis the scale parameter ardlis the shape parameter.

Special casesa L r is the exponential distribution with 2 parameteésL sis the

uniform distribution on the inteal &eQ T Q aE U
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GP distribution

40
087 ) e
e ---- Pareto
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!
Figure 2.2: Shape of GR distribution in the Form of Beta, Pareto and Exponential

Adapted from ISSE2011)

As shown in Figure 2, Exponential is a lightailed distribution with a “memoryless”
property. Where as Pareto ishaavytailed distribution which sometimes called the
power law and Beta is a bounded distributitvihen GP r the generalized Pareto

distribution is equivalent to the Pareto distributiamd GO r gives the Bta

distribution.

The location parameteraas ectually the threshold of the data series. The threshold
value is usually known when fitting partial duration series to the GPA distribution. In
this case, the 2 parametersRR GPA distribution is used for fitting partial duration

series, where only theale and shape parameters are estimatedbwitioments. Given

11



that the average number of events per year, A is known with the corresponding threshold

T4 the quantile of a specific duration withyear return period can be calculated by:

(2.10)
i LT, E- BF @AGwhena Mr
(2.11)

i LT, EUZ@Awhenal r

The 2P GPA distribution has a different formula for parameter estimation hyith
moments compared to the 3 parameterB)&PA distribution. Although the-R GPA
distribution is preferred for fitting partial duration seried? and 3P are both included

in RainIDF. The 2P GPA distribution requires the user to specify the threshold values
for each data series, while theP3GPA distribution estimates the locati parameter

from the data series.

2.3  Parameter Estimation Techniques

There are a few methods for fitting distributions to data, for example: MOM (method of
moments), ML (maximum likelihood) and PWM (probabHiteighted moments)rhey

are used to estinmthe parameters of the distributions. Environment Canada uses, and
recommends the MOM technique for estimation of EV1 pataragMillington et al.,
2011).MOM is also known as one of the oldest, simplest and most popular method of
estimating parameters. MOM is originally proposed by Gumbel (1941) to fit the EV1 or
Gumbel distribution. Unfortunately, it is not so suitable to be used in the field of
hydrologyas most of the hydrologic variables are more or less skewed, therefore MOM
represents a small or large loss of efficiency in estimgtsimn, 2009) According to

Madsen et al. (1997b), in general, RDI®M should be used for negative shapes of the

| 12



distribution fitted (heavy tailed); while one should use AM®M for moderately
positive shapes; and ML for large positive shapes (light tailed). Heavy tail and light tail
reflects the rate of increase of theypital variable when its exceedse probability
decines Heavy tailed distributions increase faster than the exponential rate, while light
tailed distributions are sloweHowever, BerZvi (2009) has concluded that all good

fits of the GFA distribution and most of the good fits of the Gumbel distributipnise

of the PWM are found better than those by use of the MOM. PWM has been described
as a simple and efficient method for fifilistributions to data (e.g., Koutsoyiannis et

al., 1998).

Another method of parameter estimatiorkiown as thd_-moments,which has been
used by Millington et al. (2011).-moments are based on PWM, howelzemoments
provide a higher degree of accuracy and ease of use. As mentioned by Huosking
Wallis (1997), PWM uses weights of the CDF but it is difficult to interpreitioenents

as scale and shape parameters for probability distribufidesmethod of_.-moments,
rather than a completely new meth@actually a modification of PWM. PWM is used
by the L-moments method to calculate parameters that are easy to inergralso can
be used to calculate parameters for statistical distribution. gltitimet al. (2011) found
thatthe method ot.-moments is easy to work with and more reliable as they are less
sensitive to outliers, thus provide an advantage. Rowinski (2@&tjscoveredhat the
MOM techniques are only able to apply to a limited range of parameters, whereas
moments can be more widely used. Therefore, the methddnodments has been

chosen to estimate the parameters of the statistical distributions giudy.



2.3.1 Probability Weighted Moments
Probability weighted moments are required calculateL-moments. Firstly, data is
arranged in ascending order before it is applied to the following equations (Cunnane,

1989):

(2.12)
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where, 0 is the sample size3 is the data value andkis the rank of the value in

ascending order.

2.3.2 L-moments

Equations fo.-moments are listed as below (Cunnane, 1989):

(2.16)
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The 4L-moments are derived from PWMs mentioned byHoskingand Wallis(1997),

the L-moments( & and &), theL-moment ratiogL-CV :ig; L-Skewness:i;; andL-
Kurtosis :ig;) are the most useful quantities for summarizing probability distributions.
Note that & and &g are also known as thelocation or mean of the distribution ahd
scale, respectivelyThe quantity of L-CV is analogous to the ordinary coefficient of
variation. hstead of an abbreviation of “L-coefficient of variation”, it would be more
appropriate to describ&-CV as “coefficient of L-variatiori’ in words (Hosking and
Walllis, 1997). The equations of these-moment ratios are given as (Hoskiagd

Wallis, 1997):

(2.20)
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2.4  Sampling Techniques

Two kinds of samples are utilized in flood or rainfdequency analysis: one that

includes the peaks for every year in the observational period which is known as annual



maximum series (AMS); the second one that includes all the peaks forsetteait
exceed a given threshold which is known as partial duration series (PDS). PDS are
usually derived from evemhaximumseries (EMS). In the field of hydrology, the use of
AMS has been very popular such as their fitting in GEV, Gumbel, Lognormal apd Lo
Pearson Type 3 distribution whilst PDS is not. However, some recent studies have
evenly considered and included two kinds of sample (e.g., Katz et al., 2002; De Michele

and Salvadori, 2005; Bedvi, 2009).

In the early studies of statistic analysiGunbel (1954) considered AMS as more
suitable than PDSHowever Kisiel et al. (1971Y¥ound thatthat an event series is more
informative than a monthly @an annual serieRasmussen et al. (199discovered®’DS
provides a more complete description of flgudcesses than AMSvhich support this
finding. According to Todorovic (1978), the construction of a stochastic model for
AMS is hampered by many difficulties, whereas for PDS has a solid theoretical base.
Pikand (1975) showed that the &Histribution isa limiting form for the distribution of
independent exceedances over high thresolds such as PDS. Whereas Smith (1984)
found that for a large number of events in a year, the GEV distribution is a limiting

form for the distribution of AMS.

A recent study byBenZvi (2009) demonstrates the feasibility of using large partial
duration series (PDS) derived from evemhximumseries (EMS) by fitting the GP
distribution to them, and its superiority over the conventional practice. The conventional
practice here ffers to GEV, Gumbel and Lognormal distribution, which aredito
annual maximum series (AMS).BenZvi (2009) found that the best fitted GPA
distribution to PDS are superior to the other alternatives tekteuatsoyiannis and

Baloutsos (2000also foundthat GPA/PDS approach is more appropriate than the other



approach with AMSWe will be comparing two approachas this study GPA/PDS

and GEV/AMS.

2.4.1 Rainfall Events Separation

Separationof rainfall datato their individual isolated eventsas to be performed to
obtain EMS and PDSA typical criterion used to separate individual rainfall event from
continuous rainfall event is the period without rainfall between the rainfall events. This
has been known as the minimum iréent time (MIT).If the period or inteevent

time is shorter than the MIT, the events will be identified as a single continuous event.
On the other hand, when the in®rent time is longer or equal to the MIT, the rainfall
events will be separated and isolated as dffeeventsBen-Zvi (2009) has chosen 24
hours interevent time to separatainfall events while Adams et al. (198§)roposed

MIT values between 1 and 6 hours for urban applications. Ahmad (2008) calculated a
MIT value of 3 hours for rainfall events ireRinsular MalaysiaA similar approach to
identify individual events based om anter-event time is called intezvent time
definition (IETD). IETD has the same function as MIT, with a differabbreviation
Palynchuk and Guo @8 have selected an IETDof 6 hours for identification of
individual rainfall eventsat Toronto, CanadaHowever, rainfall events separated by
usinginter-event timealoneis not enougtior this studyas the separated rainfall events
areconsidered as EMS, where PDS is needdtigstudy A certain threshold has to be

setto obtainPDS within the EMS.

2.4.2 Threshold Selection
A PDS’s associated threshold may affect its properties. The lower the value of the
threshold, the larger the PDS size and vice versa. A large sized PDS are more serially

correlated and might be less suitable for probabilistic analysis; a small sized PDS will
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result in larger series, which could be less semsitio sampling variation@Ben-Zvi,
2009) More details about the selection of the threshold level for this sixedgivailable

in the methodology sectiaf this report

2.5 Goodnessof-Fit Tests

Goodnesof-fit tests are usually performed to find tdestribution that best fit to a

given data. However, these tests cannot be used to pick the best distribution, rather to
reject possible distributions. They calate tesstatistics to analyze how well the data

fits the given distribution. They are uswyallsed to describe the differences between the
observed data values and the expected values from the distribution beingSested.

of the goodnesef-fit tests are AndersebDarling (AD) test, KolmogorovSmirnov

(KS) testandChi-Squared T®) testwhich have been used by Millington et al. (2011) to

compare the best fitting distribution

2.5.1 Anderson-Darling Test

The AndersorDarling test gives more weight to the tail of the distribution than KS test,
which in turn leads to the AD test being strongerd having more weight than the KS
test (Millington et al., 2011). Stephen®8b) has also concluded that the AD is more
powerful han other tests commonly used. By that metres,use of AD test alone is

enough to determine the goodness of fit for the distributions in this study.

Some nodifications to the AD tests proposed by Ahmed et .a(1988), with an
emphasis onhie upper or lower tail. However, Arshad et al. (2002) i find this
modification improves the power of the test. The test statistic of the AndBesting

(Stephens, 1986) is:



(2.23)
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Where #° is the statistic,Fis the position in an ascending ordermoégnitudes,J is
series size andyis the norexceedance probability of théh smallest value in the

series, computed through the distribution fitted.

The lower the value of#® the better the distribution fits to the corresponding data.
Significance levels for rejecting the fit of certain distributions has been presented by
Stephens (1986), wher#® L r & zindicates a level of 25% an#® L si vindicates a

level of 1%. A good fiis considered whenevet® Q r & zwhile the fit is rejected when

#° R sdv

When the fit is not rejected, the nerceedance probabilities associated with the given

recurrence intervals can be obtained through the relationship below:

(2.24)
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Where 0 is the number of years recorded a@dT; is the recurrence interval of

2.5.2 Kolmogorov-Smirnov Test
The KolmogorovSmirnov test statistic takes the greatest vertical distance from the
empirical and theoretical cumulative distributioanétions (CDF) into account. A

hypothesis is rejected if the test statissigreater than the critical value for a selected



significance level. For example, at significance levelf. r & w the corresponding

critical value is 0.12555. The test statigi) of KolmogorovSmirnov test is:

(2.25)
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The KStest checks whether the two data samples come from the same distribution

Although the KS test can be served as a goodoiefistest, it is less powerful than AD

test and not included in this study.

2.5.3 Chi-Squared Test

According to Cunnane (1989), the €dguared test has not been considered as a high
power statistial test and is not very usefulhe test statistiq T°; resembles a
normalized sum of squaretéviations between observed and theoretical frequenties

is based on binned data where the number of s @iven by:

(2.26)
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where N = sample size

The test statistic T®; for Chi-Squared test is determined by:

(2.27)
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where,

1ys the observed frequency

' s the expected frequency given by,



!
‘oL (:Ts: F (:Ts; Tzand Tgare the limits of the'i bin
At significance level ofU L r & wthe critical value is 12.592. In the case where the test

statistic( T®;is greater than this critical value, the hypothesis is rejected.

2.6 L-moment Ratio Diagram

An L-momentratio diagram consistef L-Skewness:i;; and L-Kurtosis :ig; of the
sample data set, which is plotted against constant lines and points of known statistical
distributions of interestlt is a common method used in regional frequency analysis
where the fitting othe observed data is determined by comparing the valgénst the

fitted regional data.

Severalresearcher (e.g. BerZvi and Azmon, 1996 anMillington et al., 2011) have
usedL-moment diagrams in conjuction with goodneésit tests. BerZvi and Azmon
(1996) have first applied tHemoment diagram in der to screen out the inappropriate
candidate disibutions, and then the Anders@arling test wasused to examine the
descriptive performance of the screened distributidhey have concluded sudwo-
stage procedure, which applies quantitative measnrbsth stages, would reduce the
subjectivity involved with the selection of a probability distributitimus improve the
credibility of the predicted high dischargégcording to BenZvi and Azmon (199) a
selection of distribution that only been sared through with_.-moment diagram still
applies certain subjective considerations, and is advisable to strengthen the share of
objective by a joint use of another quantitative measure, such as the geoffietest

(e.g. AndersoDarling test).

In this studywe choose to use-moment diagranto compare the results of all rainfall

stations.If the result is hard to differentiate the goodreftét of two sets of data, then
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only AndersorDarling test will be usedThe purpose of this approachtes obtain a
bigger image about the quantitative measures ofhalincludeddistributions in this
study. Three parameter distributions.ef GEV, GPA) are plotted as a line that
corresponds to the varying shape parameters. The expressiong &oe given as

functions of i, and are approximateas(Hosking and Wallis 1997):

For GEV distribution
(2.28)
igLraryrsErdsri;Ergvzui2 Fraxxx{{ Erarwx\¥ FravtradE

rauxyiy

For GPA distribution
(2.29)
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2.7 Rainfall Intensity -Duration -Frequency Relationship

The rainfall IntensityDurationtFrequency (IDF) relationship is known as one of the
most commonly used tools in the field of hydrology and water resources engineering.
The establishmendf such relationshipvas done as old as in 1932 (Bernard, 1932) and
can be represented in the formeashpirical IDF formulas and IDF curves, which are
commonly required for design purposes of water resources projects. The IDF
relationship is actually anathematical relationship between the rainfall intensity, the

duration, and the return period (Koutsoyiannis et al., 1998).

One of the most challenging problems faced when constructing a reliable IDF curve is

the absence of long record rainfall data. Elfieme, to reduce the error and uncertainties,
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only rainfall stations with more than 15 years of recorded data is included in this study,
where most of the chosen stations have around 30 years of rainfall data Besmlds,
the most suitable statisticdistribution and data series for Peninsular Malaysia will be

determined before they are applied in the development of IDF curves in this study.

2.7.1 The Empirical IDF Formula
The empirical IDF formula used by Bernard (1932) is known as:

(2.30)

i
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Where Hs the rainfall intensity (mm/hour) of the correspondi@juration (hour) and

6-year return period. All parameters must be positive valuesadd? O s



CHAPTER 3

METHODOLOGY

3.1 Introduction

In order to develo@ new set of IDF curves for Peninsular Malaysia, the best fitting
distribution and its corresponding data series must first be detern{gidter
GEV/AMS or GPA/PDS) Then, the chosen distribution and data series, along with the
selected rainfall stationgn Peninsular Malaysjareturn periods andiurations of
intensitywill be used to develop rainfall IDF relationship with the prsgub onestep
leastsquare mettod (Koutsoyiannis et al., 1998Jjo achieve the steps mentioned, there

are 3 software packagde be developed to achieve their purposes. Therefore the
methodology is split into 3 parts based on each software and the method or steps

involved to achieve our targeted results.

3.2  GeneralResearch Design and Procedure

Since our study area includése whole Peninsular Malaysia, the first step is to collect
hydrological data from Department of Irrigation and Drainage (DID) Malaysia. After
the data is obtained, it has to be filte(@dm empty records and outlierashd60 proper
sites are selectedabed on certain criteriesuch as completeness of data; years of
record; locationof the statiop 16 out of these 60 stations will be used to perform
analysis on identifying the most suitable MIT (minimum irggent time) for separation

of rainfall evens in Peninsular Malaysjaas it is needed to extract PDS dattier that,

two different series of data (AMS and PDS within EMS) hasetextractedrom these

60 stations for fitting into prbabilistic distributions. Thétting of these distributions

tested withL-moment ratio diagram and goodneddit tests (if necessary)The GEV
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and GPAdistributionwith their relative data series are ugedconstructupdatediDF
curves for thes0 rainfall stations in Peninsular Malaysiar comparisonThe general

researchprocedure of this study is shown in Figuré.3

Data Collection

Data Filtration & Site Selection

Identification of Most Suitable MIT

Comparison of GEV/AMS and GPA/PDS

Derivation of IDF Curves

Conclusions of Overall Results

Figure 3.1 GEV/AMS and GPA/PDS Development

3.3  Study Area

The study area covetthe whole Peninsular Malaysia, whidls within the tropical
climate.The climate of Peninsular Malaysia is governed by the northeast and southwest
monsoons. The northeast monsoon commences from early November until March,
while the southwest monsoon usually starts from early June until September. They are
separated by twshort intermonsoon seasons which heavy falins recorded (Ahmad,

2008).The 60 selected statiottsat are used in this studye shown in APPENDIX A.



|
3.4  Developmant of Software Packags
In this study, all the methodology, calculation and algoritm®built into software
packageso that the community can reuse thanfuture. Therefore, we will discuss
each of these software and the steps used to achieve our results. These software
packages are:
x RainEMT- A Microsoft Access addh used to extracind process the required
rainfall data such as AMS and PDS.
x RainIDF — A Microsoft Excel addn that is used to generate IDF relationship
and plot IDF curves based on GEV/AMS and GPA/PDS approach.
X RainMap — A standalone software that showcases the locations of rainfall
stations with their corresponding design rainfall and coefficients of empirical

IDF formula.

3.5 RanEMT

RainEMT (Rainfall Event Mining Tool) is a database tool developed in Microsoft
Accessusing Visual Basic for Applications. It allows easy extraction of lagme and
meaningful rainfall event data from a large time series rainfall dataset (i.e. 5, 10 or 15
minutes interval). The rainfall events are separated with adedigred minimum iter-

event time (MIT), which is also known as intrent time definition (IETD). The
output data includes the following: total yearly or monthly rainfall events with
minimum storm duration categories; annual maximum rainfall or annual maxima series;
eventmaximum rainfall with threshold selection (partial duration series / peak over
threshold). These extracted data are used for various applications such as rainfall pattern
analysis, climate change analysis, extreme value statistics, development of rainfall

intensitydurationfrequency relationship, etc.



3.5.1 Software description

In recent years, the use of event maximum rainfall and partial duration series (PDS) or
peak over threshold (POT) approach for development of rainfall inteshsigtion
frequency,intensityduratiorarea frequency and depdurationfrequency relationship

has gained an increasing popular(g.g. BerZvi, 2009; De Michele et al., 2011,
Palynchuk and Guo, 20Q8Rainfall PDS or POT data are also used in climate change
analysis andisulation (Kysel' et al., 2010) However, technical difficulties faced in
obtaining such data have caused drawbacks of-Eogke application of event maxima

and PDS/POT approach. Moreover, more analysis on rainfall events and patterns should
be performedo obtain more accurate and convincing parameters especially on selection
of threshold leve(Beguer’a, 2005)Such analysis also requires extensive separation and
calculation of rainfall events, which exceed the capabilities of current hydrological

datatase software available in the industry.

A new database software tool, RainEMT is introduced to overcome these issues where
such data can be obtained easily with just one click. To obtain or calculate rainfall
events from rainfall data, a minimum inevent time (MIT) or interevent time
definition (IETD) is used. With RainEMT, more detailed analysis on rainfall events can
be performed and larggcale extraction of multiple interval partial duration series /
peak over threshold rainfall data is made pdssiMoreover, the interval of input
rainfall data can be as short as 5 minutes, which gives a very accurate and detailed

output data.

RainEMT is developed in Microsoft Access by using Visual Basic for Applications. The
reason why Microsoft Access is used instead of Microsoft Excel is that current version

of Microsoft Excel (Excel 2010) has a limit of around 1 million rows of data, amd th



older versions are even fewer than this. A set of 5 minutes interval rainfall data with 40
years of record length has more than 4 millions rows of data. This led us to choose
Microsoft Access to serve our purpose, where there is no limitation on maxiowsn

of data. However, a database created in current version of Microsoft Access (Access
2010) has a file size limit of 2 GB. Although a dataset with 40 years of 5 minutes
rainfall is only around 100 MB in size, one should take note of this limitation when
importing several datasets into the same database. RainEMT is built as a form
application in Microsoft Access (Figurg.2). User can choose the table contains the
imported rainfall data, type of data to be extracted and key in or choose the desired

parameers.

Home Create External Data Database Tools

& Cut ! : » = Ne ¥ Totals J"j 2. Replace
53 Copy \‘,f— cendin ¥ Advanced =8 Save ?Spellmg = GoTo
te : 2 Dais 5 AR t ¥ Toggle Filt ':.‘:, )(Delete' =M o 2 S < B 7/ U
Views Clipboard M Sort & Filter Records Find
All Access Objects ® «
Search... 0
Tables A CE] RainEMT
| B 2815001 - - . - -
RainEMT - Rainfall Event Mining Tool
£ Ame60 (2815001)
B EM 30 Threshold-25 MIT-6 (28... Number of Events ‘ Annual Maximum | Event Maximum |About ‘
3 Monthly Events MIT-6 (2815001
E5] Yearly Events MIT-6 (2815001) — Interval of Rainfall Data (Source)
Forms 2 @ 5 mins (recommended) © 10 mins © 15 mins
EZ RainEMT J
Table Name: \
MIT (hour): i
Exclude Year \

K.B. Chang and S.H. Lai © 2012. (Beta Version)

Form View

Figure3.2  Screen interface of RainEMT in Microsoft Access.



3.52 Importing rainfall data

The time series data that are used as input data for RainEMT is exported from
hydrological database software such as NIWA Tideda. In this paper, the siatgdet
contains time series data of 5 minutes interval rainfall (ranging from 6/29/1970 to
12/9/2011) in a comma separated sheet (.csv) format. It is exported from its raw data in
NIWA Tideda for Station 2815001 in Selangor, Malaysia. Note that the t&tasean

be any format, as long as Microsoft Access supports it. This dataset is then imported
into RainEMT through Microsoft Access in table ‘2815001°. Although RainEMT
supports 5, 10 and 15 minutes rainfall data, the use of 5 minutes interval dagtayis h

recommended in order to produce more reliable result.

The input data is categorized into three fields: ‘Date’, ‘Time’ and ‘Rain mm’. These are

the default field names for time series rainfall data exported from NIWA Tideda. One
should rename the fat names for data exported from other hydrological database
software, if they are different from the field names mentioned earlier. The ‘Date’ field

must be in ‘MM/DD/YYYY’ format (e.g. 6/29/1970), where ‘Rain mm’ shows that the

depth of rainfall is in mlimeter measurement. Although the ‘Time’ field is usually
included in the dataset exported from hydrological database software, it is not used in
the algorithmic calculation of RainEMT. Therefore, user may choose to exclude the
‘Time’ field when importing data into RainEMT to reduce disk usage. Addition of
primary key when importing dataset to RainEMT is recommended as it helps Microsoft

Access to sort multiple rows of data in the database 3F3y.



==] Import Text Wizard (]

Microsoft Access recommends that you define a primary key for your new table. A primary key is used to

= uniquely identify each record in your table. It allows you to retrieve data more quickly.
L NETE T
2 | hHn EHR KR
3 |z T T "
- g g @?‘Et Access add primary key.
& |HHK BRK KRR (7) Choose my own primary key. El
() No primary key.

R

10
06/29/1970 P8:10:00 PO
6/29/1970 0B8:15:00 P
06/29/1970 P8:20:00 P.
06/29/1970 P8:25:00 P
06/29/1970 P8:30:00 P
06/259/1970 PB:35:00 P.
06/29/1970 P8:40:00 P
06/29/1970 P8:45:00 P
06/29/1970 P8:50:00 P
06/29/1970 P8:55:00 P
06/29/1970 P9:00:00 PO
06/29/1970 P9:05:00 O
06/29/1370 o

0000000000000

09:10:00

Figure 3.3  Addition of primary key when importindataset into RainEMT using

Import Text Wizard in Microsoft Access.

3.53 Separation of rainfall events with minimum inter-event time

Rainfall data exported from hydrological database software contains zero value (dry
period) and noizero value (wefperiod). To separate rainfall events, a guideline of
minimum dry period length between two wet periods has to be set. Such guideline is
known as minimum inteevent time (MIT)(e.g. Dunkerley, 2008; Haile et al., 2010;
Haile et al., 2011pr interevent tme definition (IETD)(e.g. Balistrocchi and Bacchi,
2011; Palynchuk and Guo, 200&)the dry period between two wet periods is equal or
longer than the minimum int@vent time, they are considered as two separated rainfall
events; if the dry period isherter than the minimum int&vent time, they are

considered as a single rainfall event.

The algorithm of RainEMT loops the input data from the first record until the end of

record, year by year. In each year, to be considered as a rainfall eventirfopc¢hel
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first and last events), each event must begin and end with a dry period that satisfied the
minimum interevent time (in hour/hours) specified by the user. In some cases, users
may choose to exclude unwanted years within the dataset (e.g. incoyelete At the

end of the loop, RaINEMT creates a new table and insert the output data into the table.
The table name contains the abbreviation and value of chosen parameters, and the table
name of input data. For example, ‘Yearly MIT-6 (2815001)’ shows that the output

yearly events are based on an MIT of 6 hours from the input data of table 2815001. The
output data in the table can be executed directly from Microsoft Access to Microsoft

Excel for further analysis if needed.

3.54 Application of RainEMT: extracting yearly and monthly rainfall events

RainEMT is capable of calculating total rainfall events in a yearly or monthly basis
based on a minimum int&vent time (in hour/hours) specified by user. Generally, small
minimum interevent time will give ahigher number of separated rainfall events and
vice versa. Beside total events, number of events categorized into their minimum storm
duration (i.e. 0.5, 1, 2, 3, 4, 5, 6, 12 and 24 hours) is also calculated. Such minimum
storm duration categories allowary detailed study and analysis of rainfall events with
their corresponding minimum storm durations, with a variation on minimumesrtsit

time.

In the case where the user is interested of the mean and total yearly or monthly events
for the entire pedd of record, RainEMT can calculate and include them in the last row

of the output data. On the other hand, user also has the ability to define the year/years to
be excluded from caulation and output data (Figure B.4'he output yearly and
monthly dataare listed in new tables created in RainEMT. For yearly data, each row of

data will start with the year of the data, followed by total events and events with



minimum storm duration categories. Monthly data is listed in the same way as yearly
data did, exqet that it contains a month field between the year and total events fields.
They are organized in the way that is very convenient for plotting of rainfall trend or

pattern charts when exported to Microsoft Excel.

To demonstrate thusage of RainEMT, yearlFigure 3.5 and monthly (Figure3.6)

rainfall events of Station 2815001 are extracted into table ‘Yearly Events MIT-6
(2815001)’ and table ‘Monthly Events MIT-6 (2815001) with minimum inter-event

time (MIT) of 6 hours. The parameters for extractionhefse data is shown in Fi§.4,

where year 1970, 1986, 1989 and 1990 are excluded due to a large amount of missing
data in these years. These tables are exported to Microsoft Excel where charts for yearly
rainfall events and monthly rainfall evera$ yea 2010 are plotted (Figure 3.7 and

Figure 3.9.

By observing Figure 3,Ave can see that number of yearly events seems to be around
150 events per year, where year 1982 and 2005 are unusual cases. Such cases could alsc
indicate that there might be a sificant amount of missing data, which should be
examined from the hydrological database software that contains the raw data. The
monthly rairfall patterns of year 2010 (Figu88) shows that February and October are

the dry months with the least numberrainfall events. These results are based on a

MIT of 6 hours and will vary accordingly with a different value of MIT.
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RainEMT
RainEMT - Rainfall Event Mining Tool

‘ Number of Events [ Annual Maximuml Event Maximum IAbout}

Interval of Rainfall Data (Source)

@ 5 mins (recommended) © 10 mins ® 15 mins

Table Name: ’2815001

MIT (hour): ’6

Exclude Year: ]1970, 1986, 1989, 1990

@ Yearly ® Monthly

(Total Events Basis

[ Show Total Events and Mean

K.B. Chang and S.H. Lai © 2012. (Beta Version)

Figure 3.4  User interface for extraction of number of yearly and monthly events.

[E—M ly Events MIT-6 (2815001)
D 2 Year -| Events - |Events>30M - Events>1H - Events>2H - Events>3H - Events>4H - Events>5H - Events>6H - Events>1a

L EER 133 105 81 52 3 27 2 18
21972 148 1 77 46 2 21 12 8
31973 188 147 123 87 65 56 47 2
41974 17 12 %0 7 51 40 2 2
51975 181 108 84 64 51 35 2 14 |
61976 165 101 78 6 37 27 2 12 1
71977 132 93 7 61 50 a1 33 20
81978 169 107 80 67 53 4 31 17
91979 156 109 %0 58 40 30 2 14
10 1980 166 126 %0 57 a8 36 2 19
11 1981 130 93 74 63 39 30 23
12 1382 43 33 28 24 18 14 12 7
13 1983 123 %0 69 52 43 2 n 16
14 1984 175 125 111 84 63 a8 a2 30
15 1985 169 122 94 7 50 a1 31 20
16 1987 137 102 81 62 48 34 24 20
17 1988 167 17 102 74 61 47 37 28
18 1991 166 114 83 59 48 2 19 12
19 1992 151 106 83 63 46 35 28 16
20 1993 190 116 %4 67 S5 40 27 15
211994 174 122 101 74 55 37 28 19
22 1995 199 131 112 81 64 a6 36 26
23 199 155 109 84 66 a3 37 30 20
24 1997 120 78 67 52 38 2 16 10
25 1998 132 %2 78 60 a 30 20 18
26 1999 118 7 65 a1 2 2 18 1n
27 2000 140 93 76 60 46 40 28 21 v
| Record: 4 « 10138 » M » % No Filter | Search K " »

Figure 3.5 Table contains output data of yeaelyents extracted from Station

2815001 with MIT of 6 hours.



+] -: Year - Month - Events - Events>30h - Events>1H - | Events>2JH - Events>3H - Events>4H - Events>5H - Events>6

|| l1o71 Jan 7 H H 2 2 2 2
21971 Feb 8 6 4 a4 3 2 2
3 1971 Mar 13 8 ] 3 3 1 1
41971 Apr 8 6 5 2 2 2 1
ol 51971 May 7 5 3 2 o [} [
61971 un 5 4 3 3 2 2 2
719711 Jul 1 7 5 3 2 1 1
81971 Aug 15 14 12 10 8 8 7
ol 91971 Sep 10 10 ) 5 2 2 [
o 10 1971 oct 13 1 10 8 a a 3
11 1971 Nov 15 15 9 4 2 o
12 1971 Dec 17 14 9 5 4 3 3
| 13 1972 Jan 6 4 3 2 1 1 [
o 14 1972 Feb 9 7 4 2 2 1 1
15 1972 Mar 12 7 2 0 0 0 o
16 1972 Apr 15 14 8 2 2 2 1
17 1972 May 8 4 3 1 o o [
ol 18 1972 Jun ) 5 4 a 1 0 [
o 19 1972 Jul 7 5 2 1 0 0 [
20 1972 Aug 8 6 a 3 [ [ [
211972 Sep 15 12 10 7 5 4 3
ol 221972 oct 15 12 8 H 3 2 1
o 231972 Nov 23 17 14 8 6 5 3
24 1972 Dec 21 18 15 1 9 6 3
25 1973 Jan 8 5 4 2 2 2 2
26 1973 Feb 8 7 5 3 3 2 2
271973 Mar 12 10 8 a 3 2 2 -
[Record: 1«1 of 456 | > bii [ G No Filter | Search [1 w ¥

Figure 3.6  Table contains output data of monthly eveaxacted from Station

2815001with MIT of 6 hours.
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Figure 3.7  Histogram shows number of yearly events with MIT of 6 hours for

Statiacn 2815001.
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Figure 3.8: Histogram shows number of monthly events at year 2010 with MIT of 6

hours for Station 2815001.

3.55 Application of RainEMT: extracting annual and event maximum rainfall

3.55.1 Annual maximum rainfall

The annual maximum oextreme rainfall can be extracted from most hydrological
database software (e.g. NIWA Tideda). Although the extraction of annual maximum
series does not require the use of minimum 4iatemt time, this function is also
included in RainEMT for the ease exktracting multiple types of extreme rainfall data
(with event maximum rainfall or partial duration series / peak over threshold). The
annual maximum rainfall for a specific interval is extracted together with its occurrence

date into a new table createdRainEMT.

The common usages of annual maximum rainfall are extreme value analysis, trend and
statistics(e.g. Adamowski and Bougadis, 2003; Katz et al., 2002; Kuo et al., 2011;
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Villarini et al., 2011) Extreme value statistichave played an important leoin
engineering practice for water resources design and manag@aentet al., 2002)For
example, the development of rainfall intensityrationfrequency or deptlduratior
frequency curves from annual maximum rainfall allows the prediction of maximum
rainfall intensity for a specific return peride.g. BenZvi, 2009; Koutsoyiannis and
Baloutsos, 2000; Madsen et al., 2009; Overeem et al., 2088; de Vyver and

DemarZe, 2010)

By entering the table name of the source rainfall data andetbieed ratieval interval
(Figure 3.9, annual maximum rainfall of 60 minutes interval is retrieved from Station
2815001. The output table ‘AM 60 (2815001)’ contains the retrieved annual extreme
rainfall and the date where du extreme event occurred (Figure 3.1Aside from
application for rainfall intensitglurationrfrequency curve and extreme pattern analysis,
dates of such occurrence of extreme rainfall are also useful for integration in flood

analysis.



Seor

RainEMT - Rainfall Event Mining Tool

Number of Events | Annual Maximum [ Event Maximum TAbDut}

Interval of Rainfall Data (Source)

@ 5 mins (recommended) @ 10 mins © 15 mins

Note: Your retrieval interval must be a multiple of your source interval.

Table Name: |:1_8]5001 |

Interval (min): |60 |

List AM Series

K.B. Chang and S.H. Lai © 2012. (Beta Version)

Figure 3.9  User interface for extraction of annumaximum rainfall.

|2 amsomisoon
Year ~ MaxRainmr -~ Date -

528 9/3/1970
1971 43 8/11/1971
1972 515  4/11/1972
1973 60.7  11/30/1973
1974 51.9 9/9/1974 =
1975 a5 9/25/1975
1976 63.8 3/24/1976
1977 70.6 9/27/1977
1978 483 1/9/1978
1979 73.1 7/19/1979
1980 63 9/22/1980
1981 627  11/24/1981
1982 378 12/18/1982
1983 53.9 7/29/1983
1984 43 1/30/1984
1985 52.3 3/7/1985
1986 29.1 5/22/1986
1987 474 9/27/1987
1988 69.5 3/5/1988
1989 553  11/18/1989
1990 4.1 4/27/1990
1991 65.8 6/3/1991
1992 68.2 4/3/1992
1993 716 6/30/1993
1994 59.2 3/10/1994
1995 67.2 5/24/1995
1996 68.2 4/19/1996 -
|Record: 4« 10142 | » M i W NoFiltes | Search

Figure 3.10 Annual maximum rainfall of 60 minutes interval extracted from Station

2815001.
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3.55.2 Event maximum rainfall and partial duration series

The maximum depth of a specific interval (e.g. 30 minutes) of a rainfall eviembwen

as event maximum rainfall. In the case where the storm duration of a rainfall event is
shorter than the specified interval, the event maximum rainfall of that interval is the
total depth of the entire rainfall event. The extraction of event maxinainfall is the

most challenging and time consuming part of any analysis that requires such data. This
is the main reason that leads to the development of RainEMT, and is also one of the

most powerful and useful features of RainEMT.

By specifying the requed parameters, an event maximum series can be extracted with
just one click in RainEMT (Figure 3.L1When a zero threshold value is used, the
extracted data includes event maximum series for all rainfall events separated by the
specified minimum inteevent time. Meanwhile, a nerero threshold value will
include event maximum series that exceed or equal to the specified threshold value only

(which is known as partial duration series or peak over threshold).



2] RainEMT [

™ RainEMT - Rainfall Event Mining Tool

dl Number of Events [ Annual Maximum I Event Maximum I About ‘

Interval of Rainfall Data (Source)
|7'§- 5 mins (recommended) © 10mins © 15 mins

Note: Your retrieval interval must be a multiple of your source interval.

Table Name: 2815001
Interval (min):  [30
MIT (hour): ‘5

|
|
|
Threshold (mm): ‘2,5 ‘
|

Exclude Year: ‘19?0, 1586, 1989, 1930

K.B. Chang and S.H. Lai © 2012. (Beta Version)

Figure 3.11 User interface for extractiorf event maximum rainfall.

RainEMT does not only extract the depth of the event maximum rainfall. It also
includes the occurrence date of the event maximum rainfall, storm duration (multiple of
the input data’s interval, in minutes), total depth (mm) and average intensity (mm/hr) of

the rainfall event. This set of rainfall event data can be used in a wide range of analysis
and study. Most importantly, such useful data can be extracted easily and therefore,

largescale extraction can be done in a short gkoitime.

To obtain the partial duration series or peak over threshold data of Station 2815001 with
30 minutes interval, parameters such as MIT of 6 hours, threshold value of 25 mm and
yeas to exclude is entered (Figure 3.11The table ‘EM 30 Threshold-25 MIT-6

(2815001)’ contains the output data of the partial duration series, which includes the



storm duration, total depth and average intgrd the rainfall event (Figure 3.1.2This
table can be exported to Microsoft Excel where further threslegjdirements such as

minimum average intensity or total depth of rainfall event can be applied, if necessary.

| 2 em some:nou-is MIT-6 (2815001) x
1D - Year ~ MaxRainmr - Date - Durationmii - Depthmm - Avgintensit - -
1 1971 30 7/3/1971 215 503 14
2 1971 317 8/12/1971 365 45 7.6
1971 28.1 2/1 60 314 314
4 1972 26.4 140 349 5
5 1972 5.8 2/10/1972 150 40 6
6 1972 373 4/11/1972 7S 524 419
7 1972 25.8 4/28/1972 60 3
8 1972 35.7 7/7/1972 80 403
9 1972 34.1 12/29/1972 40 4
10 1973 312 360 8 8
11 1973 31.6 2 80 9,
1 1973 30.6 2 685 9
13 1973 47.3 2 185
14 1973 36.6 70 52.8 453
15 1973 27 200 5 16
16 1973 a5 460 €
17 1973 25.9 80 42
18 1973 25.6 70 36.4
19 1973 50.6 175 63
20 1974 30.5 105 354
21 1974 334 725 70
22 1974 34.7 880 43, 4
2 1975 25.3 185 54
24 1975 274 70 30. 6.
5 1975 3 100 45,
26 1975 29.2 255 33
27 197 3 155 ES) v
Recordi 4+ 101279 b M » Search

Figure 3.12 Partial duration series or peak over threshold output data with a threshold

value of 25 mm and MIT of 6 hours extracted fr8mation 2815001.

3.56 Finding the most suitablerainfall minimum inter -event time(MIT)

Two rainfall events are normally separated by a dry period in between. This rainless
period has to satisfy a chosen guideline, which is known as minimurreirgattime

(MIT) or inter-event time definition (IETD). The objective of this study is to illustrate a
few analyses to identify the optimum MIT for separation of rainfall events with two
criteria: as many events as possible and as independent as possibldl. &&nfa data
contain the annual number of rainfall events and together with the number of events that
exceed a certain range of durations (0.5, 1, 2, 3, 4, 5, 6, 12 and 24 hours) from 16

rainfall stations in Peninsular Malaysia vieabeen extracted with daEMT. The
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relationship between annual numbers of events, event duration categories, and MIT
(ranged from 1 to 24 hours) are investigated. These analyses have given consistent
results, with effects of geographical and nongeographic parameters obsereandd

of unsuitable MIT and the optimum MIT for Peninsular Malaysia has been identified

based on these results.

3.56.1 Separation of rainfall events

One of the most common and widely used methods for the separation of rainfall events
is the use ominimum interevent time (MIT) é.g. Dunkerley, 2008; Haile et al., 2010;
Haile et al., 2011; Heneker at., 2001; Powell et al., 200 7yhich is also known as
inter-event time definitio (IETD) (e.g. Balistrocchi and Bacchi, 2011; Branham and
Behera, 2010GGuo and Adams, 199&uo and Baet22007; Palynchuk and Guo, 2008)

The dry period between two wet periods are known as-@vent time, and if it is equal

to or longer than the desired MIT or IETD, they are considered as two individual events.
Apparently,the chosen length of MIT or IETD directly affects the number of rainfall

events separated in a fixed period of record.

A difficult task comes with the use of MIT, which is the selection of the proper MIT
criterion. The selection of the MIT length is uByassociated with the type of intended
study or application (runoff modeling, partial duration series, flood studies, canopy
drying time, etc.), and directly affects the characteristiadb@fseparated rainfall events
(Shamsudin et al., 2010n this sudy, the objective is to identify the optimum MIT that
includes as many rainfall events and as independent as possible, which is used in
extracting rainfall partial duration series. In previous studidgué MIT appears to be
commonly used in Toronto, &ada €.g. Guo and Adamd.998; Palynchuk and Guo,

2008) A method is proposed to select the MIT when the analygathll data has a CV
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near 1 RestrepePosada andEagleson, 1982)but is found to be inappropriate as
sometimes CV near 1 at any separation tiess than 12 hours is observed (Powell et
al., 2007) Guo and Adams (1998) mentioned that a more objective way to select the
suitable MIT is by examining the relationship beam MIT and the average annual

number of rainfall events.

The shorter the MIT, the more the events separated, but the independence of these
events is reduced at the same time. On the other hand, the longer the MIT, the
independence of the separated evemtseases, but the number of events separated
decreases. Therefore, the optimum or best choice of MIT is the intermediate point
between the unsuitable MIT (which is too short or too long). In this study, several
analyses are carried out on annual numbeniofall events, event duration categories

and MIT ranging from 1 to 24 hours for X6ut of selected 60jainfall stations in
Peninsular Malaysia. Their relationships are analyzed and these analyses are used to
identify the unsuitable range of MIT, bgking account of the rainfall characteristics in
Peninsular Malaysia. The goal of this study is to identify this unsuitable range of MIT,
which leads to the identification of the optimum M(@ apply on all 60 selected
rainfall stations)for use in extraion of rainfall partial duration series in Peninsular

Malaysia.

3.56.2 Preparation and extraction of data with RainEMT

In order to determine the most suitable MIT to use on selected 60 stations in Peninsular
Malaysia, gparation of rainfall events witharious MIT (i.e. 1 to 24 hours) afest
performed on16 chosen rainfall statiormmong the 60 selected statidisgure 3.13.
Thesel6 stationshavebeen categorized into 4 regions based on monthly modification

factor regional diision for Peninsular Mlaysia (DID, 201Q)to study the differences



between these regions. These regions are separated based on their differences in annual
rainfall distribution. The northern region has the highest rainfall distribution from
September to October within its owegion; central region from October to November;
eastern region from November to December and southern region from December to
January. Rainfall data with 5 minutes intern¢@dr 16 out of 60 selected rainfall
stations) withthe numbers of complete yeaase listed in Tablé8.1. The climate of
Peninsular Malaysia is very much governed by the monsoons, where the northeast
monsoon occurs from May to August, while the southwest monsooarsodrom
November to February (Suhaila et al., 201%j)ation 8 and 9ra located at Kuala

Lumpur, the federal capital of Malaysia.

NORTHERN

EASTERN

CENTRAL

SOUTH
CHINA SEA

SUMATRA

SOUTHERN
(g~

Figure 3.13 Locations of 16 rainfall stations in Peninsular Malaysia.



Largescale extraction of rainfall events with their corresponding storm duration,
separated with various MIT {24 hour) is a very time consuming taskmihute time
series rainfall data are first exported from NIWA Tideda (a hydrological database
softwae contains our raw rainfall data), and then they are imported into Microsoft
Access for extraction of rainfall events with RainEMT. Lasgale extractions of

events data in this study are performed with @aethe use of RainEMT.

RainEMT extracts annual number of rainfall events, with number of events that exceed
certain durations (i.e. 0.5, 1, 2, 3, 4, 5, 6, 12 and 24 hours). In each year, to be
considered as a rainfall event, a wet period must be surrounded by two dry periods
(before and after), which equals to or exceeds the selected MIT. Incomplete years are
specified in RainEMT to exclude them from data extraction. The extraction of these

rainfall events data (e.g. Figure 3)1dre repeated across MIT ranging from 1 to 24

hours with 1-hour increment for all stations included in this study.

The extracted data are used to perform three analyses to study the effect of MIT on
rainfall events: the relationship of annual number of events under different MIT;
distribution of rainfallevent with various duration categories of yearly events based on
various MIT; and the difference of yearly rainfall events between MIT. The yearly
events used here are the average of complete years on the target rainfall station. These
analyses performedot only helps to study the characteristics of rainfall events in

Peninsular Malaysia, but also used to idgritie unsuitable range of MIT.



Table 3.1:

Stations information.

Station No. Region Observational Period Years
1 Northern Nov 1974- Dec 2011 33
2 Northern July 1970- Nov 2011 35
3 Northern July 1970- Oct 2011 39
4 Eastern Sept 1971 Oct 2011 34
5 Eastern July 1970- Nov 2011 27
6 Eastern July 1971- Nov 2011 31
7 Central July 1970- Nov 2011 37
8 Central Dec 1972- Oct 2011 37
9 Central Dec 1992- Oct 2011 17
10 Central June 1970 Dec 2011 38
11 Central July 1970- Nov 2011 41
12 Southern July 1974- Nov 2011 29
13 Southern July 1975- Nov 2011 29
14 Southern Aug 1981- Nov 2011 21
15 Southern June 19706 Sept 2011 33
16 Southern Sept 1980- Oct 2011 24




o d s | RainEMT

Home Create External Data Database Tools Fields Table

I.}/Z b ]T 4 | Ascending \(/f Selection ~ = New Z Totals \?a 34c Replace Calibri
T 53 Copy ﬁl Descending 7._.‘.]Ad\ranced e = =8 save ':? Spelling = GoTo~
View Paste Filter Refresh Find B 7 U A -

- - F, 'S Alls A - B More ~ lg Select ~ = | -

Views Clipboard . Sort & Filter Records Find
All Access Objects ¥ <« || Z AN Events MIT-1 (2815001)

Searchn. ol 1D - Year - Date ~ |Duration mii = | Depth mm - |Avg Intensit ~
Tables x 1 1970 6/30/1970 90 18.5 12.3
B3 2815001 2 1970 6/30/1970 40 4.4 6.6
9 2913001 3 1970 7/2/1970 70 2.7 2.3

4 1970 7/2/1970 135 3.8 1.7
= 217001 5 1970 7/2/1970 60 12 12
H 3118102 6 1970 7/3/1970 95 1.9 1.2
EH 3314001 7 1970 7/4/1970 60 4.7 4.7
= 3411017 8 1970 7/4/1970 130 32.8 15.1
5 3516022 9 1970 7/15/1970 45 9.2 12.3
10 1970 7/16/1970 120 15.9 8
£ 3513004
11 1970 7/18/1970 105 10.2 5.8
B Al Events MIT-1 (2815001 12 1970 7/20/1370 110 6.2 3.4
Forms ES 13 1970 7/22/1970 75 16.7 13.4
F2] RainEMT 14 1970 7/23/1970 30 1.6 3.2
15 1970 7/24/1970 65 13.2 12.2
16 1970 7/27/1970 40 5.3 8
17 1970 7/28/1970 55 5.9 6.4
18 1970 7/31/1970 40 7.3 11
19 1970 7/31/1970 30 1.9 3.8
20 1970 8/1/1970 15 2.3 9.3
21 1970 8/1/1970 25 1.5 3.6
22 1970 8/1/1970 25 3.4 8.2
23 1970 8/4/1970 60 1.2 1.2
24 1970 8/5/1970 255 17.4 4.1
25 1970 8/9/1970 a5 3.8 5.1
26 1970 8/9/1970 10 0.7 4.2
27 1970 8/12/1970 25 7 16.8
| Record: W 1o0f5400 » M ¥ i+ Mo Filte Search

Datasheet View |
Figure 3.14 Rainfall event data (separated witthdur MIT) extracted from Station

10 by using RainEMT in Microsoft Access.

3.6  RainIDF

RainIDF, a software tool for derivation of rainfall intensilyrationfrequency(IDF)
relationship is developed as an Ekaddin by using Visual Basid¢or Applications
(VBA). The tool is integrated with two of the most widely used statistical distributions
for determination of IDF relationship: the generalized extreme value (GEWipdtion

for annual maxima series, and the generalized Pareto (GPA) distribution for partial
duration series. It provides automated distribution fitting for rainfall data in the form of
annual maxima or partial duration series for multiple intervalsjrepand plotting of

rainfall intensitydurationfrequency curves. RainlDF uses the Solver-edfiinction in
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Excel to solve the coefficients of the empirical IDF formula in -step. The
methodology built into RainIDF is discussed and rainfall IDF retesthips for several
stations in Peninsular Malaysia are derived and compared. RainIDF is available for

download on GitHubH(ttp://github.com/kbchang/rainigas an Excel aduh.

3.6.1 Software description

The rainfall intensitydurationfrequency (IDF) relationship is an important tool for the
determination of design rainfall in water resources structural design, urban stormwater
management, flood modeling, etc. In some cases, dep#tionfrequency (DDF)and
intensitydurationareafrequency (IDAF) relationships are used, which serve the same
purpose as IDF relationship. Generally, there are two types of rainfall data series that
are widely applied for derivation of IDF relationship: annual maxima sghésS) and

partial duration series (PDS). There are different methods or approaches to derive
rainfall IDF relationship(e.g. BerZvi, 2009; De Michele et al., 2011; Koutsoyiannis
and Baloutsos, 2000; Madsen et al., 2009; Overeem et al., 2008; PalynchGk@nd
2008; Van de Vyver and DemarZe, 2010Wwhere the selection of good fitting

probabilistic distributions for the target region is very important

RainIDF is deeloped by using Visual Basifor Applications (VBA) and can be
installed as an Excel add. Basically, input data in the form of annual maxima or
partial duration series for multiple intervals are inserted into an Excel worksheet and the
RainIDF addin will fit the data with the corresponding probabilistic distribution
(generalized extreme vayGEV) or generalized Pareto (GPA) distribution), list out all
statistical parameters and optimization procedures to obtain the empirical IDF formula.
Besides, it also takes the advantage of Excel’s chart plotting functionality to plot the

IDF curves autmatically based on the derived empirical IDF formula. The output
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return periods or annual recurrence intervals (ARI) for the IDF relationship derived are
3-month, 6émonth, 9month, tyear, 2year, Syear, 10year, 20year, 50year and 100
year. For otheraturn periods or ARI, it has to be performed manually based on the

parameters of the fitted distribution.

3.6.2 Extraction of annual maxima and partial duration series

Before extracting annual maxima or partial duration sefis using the previous
software package, RainEMT)the data must be filtered to exclude years with a
reasonable amount of missing data. Besides, inappropriate data values due to certain
malfunction errors of the recording rain gauge or hydrological database software have
to be careflly identified. A way to identify this type of invalid data is by comparing the
depth and the duration of the rainfall event. For the rainfall data used in this study, we
have identified some problematic years where all the rainfall events have the same

duration, which are then excluded from analysis.

The extraction of annual maxima series is fairly simple and straightforward. Annual
maximum rainfall for a particular duration or interval is obtained by selecting the largest
value of rainfall depth for thagparticular duration in each year. Besides using annual
maximum rainfall for derivation of IDF relationship, some researchers have also studied
the trends of the annual maximum rainfall (e.g. Adamowski and Bougadis, 2003; Kuo et
al., 2011). Meanwhile, paal duration series (also known as pealerthreshold or

POT approach) consists of all the rainfall events that exceed a certain threshold value.
The use of partial duration series is common in flood analysis, until recent studies show
an increasing popatity of using partial duration series in rainfall analysis, especially
for derivation of IDF relationship (e.g. Beguer'a, 2005; &s&n 2009; Palynchuk and

Guo, 2008).



Before extracting partial duration series, it is recommended to determine individual
events from rainfall data, as this will increase the independence of the extracted data. To
identify individual rainfall eveni{as mentioned in section 3.5.7.8 minimum inter

event time can be used. If the dry period between two wet periods is equaleothan

the minimum intefevent time, they are considered as two separated events. A minimum
inter-event time of 6 hours is commonly used (e.g. Guo and Adams, 1998; Palynchuk
and Guo, 2008). A method to select minimum k&eent time based on a coeféai of
variation (CV) near 1 is proposed (Restrdpmsada and Eagleson, 1982), but is found

to be inappropriate (Powell et al., 2007). In teegment of studya minimum inter

event time of 6 hours is adopted for separation of rainfall ewanitsis found to be the

most appropriate MIT for Peninsular Malaysia (see section 4.2.6)

The most uncertain parameter when extracting partial duration series is the threshold
value (Beguer’a, 2005). Similar to minimum inr&rent time, threshold value also
directly affects the number of rainfall events extracted. Most of the previous researches
regarding partial duration series are applied on flood analysis. As for usage in rainfall
analysis, a method of choosing threshold values is based on the result of gabdihess

test (BerZvi, 2009). Madsen et al. (2002) have implied common threshold values in all
the studied stations, which result in the range of2Xfor regional average number of
exceedances per year. Palynchuk and Guo (2008) have chosen a threkleoldf va
25mm for their study area in Toronto, Canada. Beguer’a (2005) has concluded that a
unique optimum threshold value cannot be found. In segment of studyarbitrary
thresholds are first attemptethen they are adjusted to produce the desiredageer

number of events per year (around 3 @ @vents per year).



3.6.3 Derivation of IDF relationship with RainIDF

By installing RainIDF addn on Excel 2007 or 2010 (Windows PC), rainfall IDF
relationship can be computed automatically based on inpusdas (annual maxima

or partial duration). It is straightforward to derive IDF relationship from annual maxima
series, while for partial duration series there are some required parameters such as
number of recorded years and threshold value (if tReg2neralized Paretdistribution

is chosen). Figure 3.18hows the interface of RainIDF in Excel, where the RainIDF
menu buttons are located at the top right corner of the home tab. The first step towards
generation of IDF relationship is to import annuakimea or partial duration series into
Excel spreadsheet, with the header containing the interval value of the data series in
minutes. The input data can be in any format (e.g. .txt (text) files and .csv (comma
separated values) files) as long as they cambperted (or copied and pasted) into the
Excel spreadsheet. By seleg the header range (see Figure 3.18ainIDF can
identify and locate all the data series below the header range (up to 30 sets of data
series), and obtain the interval informatiortloé data eries from the header. In Figure

3.15 the headers of the partial duration series are selected for generation of IDF

relationship, where the-R generalized Pareto distribution is selected.
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Figure 3.15

Interface of RainIDF addh with partialduration series input parameters
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Input form for entering threshold values for their corresponding interval.
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Figure 3.17 Spreadsheet contains parameters of the fitted data series and IDF

relationship.

Since the Z GPA distribubn is chosen, user will be prompted to enter the
corresponding threshold value based onshlected range of headers (Figure R.1/6

the 3P GPA distribution is selected, this step is skipped, as the threshold or location
parameters will be estimatebin the data series by using therlomentamethod. User

may choose to usa set of common threshold value of all rainfall stations (which
produces varied average number of events per year), or arbitrary threshold values that
requires adjustment for diffamestations to produce a desired average number of events
per year (e.g. -2 events). (After the threshold values are entered, RainIDF will
automatically filter data value that is lower (if there is any) than its corresponding

threshold value. RainIDIEredes a new spreadsheet (Figure 3.t@ntaining all the
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important parameters (such as PWM;mbments, distribution parameters and

quantiles), coefficients of empirical IDBrimula and IDF curves (Figure 3.18).
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Figure 3.18 Rainfall IDF curves plottedutomatically with RainIDF Excel a€dd.

RainIDF calls the Solver utility function in Excel, to perform tep least squares
method for solving and optimizing the coefficients of the empirical IDF formula. Other
methods and details about estep leassquares method are discussed in Koutsoyiannis
et al. (1998). The coefficients of the solved empirical IDF formula are listed in the
generated spreadsheet (see top right cornéfigafre 3.17. The optimized quantiles
from the empirical IDF relationship ercalculated anglotted into IDF curves (Figure

3.18. It is worth noting that the Solver add embedded in Excel must be enabled in



order to derive IDF relationship with RainIDF, else a warning message box will appear

as RainIDF fails to call the Solvaddin function.

3.7 RainMap

The purpose and function of RainMap is to showcase all the design rainfall of every
single stations of this study in one place. RaipMa coded in Visual Basiand
integrated with Bing Mappowered by MicrosoftThedynamicmapview allovg users

to zoomand locate the rainfall stations accurately, especially when finding the nearest
located rainfall stations to their site. When a rainfall station is selected in RainMap, it
will display the empirical IDF formula and GPS coordinates of the station, ahcawit
option to view the design rainfall of the stet. RainMap is a creative and effective
visual tool for displaying design rainfall with the location of the rainfall stations that
will ease and change the way in which future water scientists and ersggters and

view their design rainfall data.



CHAPTER 4

RESULTS AND DISCUSSIONS

4.1  Introduction
This chapter will be divided into different sections with their corresponding results and

discussions that will contribute to the over@hclusions of this study.

4.2  Rainfall characteristics and minimum inter -event time (MIT) in Malaysia

This section of study will show the results and discussions on identifying the most
suitable MIT for Peninsular Malaysia, along with some rainfaliracteristics of the
regions.The extraction and preparation of data from 16 rainfall stations are discussed in

section 3.5.7.2.

4.21 Relationship of annual number of rainfall events with MIT

The average annual numbers of rainfall events extractedplateed with their
corresponding MIT(Figure 41). These include all yearly rainfall events and rainfall
events that exceed a certain duration such as 0.5, 1, 2, 3, 4, 5, 6, 12 and 24 hours. In
general, the number of rainfall events decrease with theasena MIT. By observing

the tend of “All Events’ in Figure 4.1A, there is a significant drop on number of yearly
events for MIT shorter than 6 hours. After MIT of 5 or 6 hours, the drop seems to be
gradualand gives a smooth line (FigurelA). The trendlines of ‘All Events’ for all
observed rainfalltations are quite similar (Figure 4A1E). For some stations (such as
Figure 41B-E), the dropping rate of ‘All Events’ seems to change slightly at long MIT

(e.g. more than 20 hours).



By comparing ‘All Events’ with ‘Events > 30 mins’ in Figure 4.1, the high number of
rainfall events and the significant drop of rainfall events at short MIT (e.g. less than 6
hours) are mostly consist of short duration events (30 minutes and below). Rainfall
events that exceetl, 2, 3, 4, 5 and 6 hours are low at short MIT, and increase to a
certain point with the increment of MIT, followed by stable trends (small decrease or
increase) andet closer to each other (Figurel}.These trends show that MIT affects

all short anddng durations of rainfall events, and this is the reason where the second
analysis (a study of rainfall distribution with event duration categories based on various

MIT) is performed.

The number of rainfall events exceed 12 hours generally increasebeaviticrement of

MIT. At most stations (g. Figure 4.B-E), the number of events that exceeds 12 hours
increases at a low rate at short MIT, continued by stable increases, and followed with a
low rate of increases at long MIT. Comparisons of this observand the previous
discussed trend of ‘All Events’ indicate that short and long MIT are causing dramatic

rates of change on the annual number of events observed, where there seem to have a

range with a stable and more consistent rate in between.

An outstanding trend of rainfall events that exceed 24 hours has been observed.
Throughout all stations studied, the number of rainfall events that exceed 24 hours is
near zero or very small at short MIT. Upon reaching a certain point, the numbers take
off and ncrease significantly with the increment of MIT (especially after 12 hours). In
this case, the high number of rainfall events above 24 hours does not represent the
characteristics of rainfall events in Peninsular Malaysia well, where most of the rainfall

occurred in Peninsular Malaysia is convective.



4.22 Distribution of rainfall duration categories under different MIT

The distribution of annual rainfall events is divided into various event duration
categories in percentage (Figure A).2The event durabn categories starts from 5
minutes as 5 minutes rainfall data are used. They are plotted withaviging from 1

to 24 hours (Figure 4)Zor each station. In this analysis, instead of investigation the
number of events associated with different MIT, titdses the formation of rainfall
event distribution by the percentage of different event duration categories at different
MIT. Again, all the stations show a very similar pattern of rainfall distribution across

the range of MIT tested.

By looking at Figue 4.2 rainfall events with duration of 5 to 30 minutes seem to
accumulate around 50% of the total rainfall at MIT of 1 hour. This shows that the
separation of rainfall events that is less independent than each other, where some of
these short duration emes should be considered as a single combined event. The
percentage of 5 to 30 minutes rainfall events drops significantly between MIT of 1 to
5/6 hours. After that, the percentage of 5 to 30 minutes seems to have a stable and low

decreasingate with thencrement of MIT.
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Figure 4.2shows that the percentage of rainfall events with duration of 35 to 60, 65 to
120, 125 to 180, 185 to 240, 245 to 300, 305 to 360 minutes seem to be quite similar
with no significant changes through the range of 1 to 24 hours MIT. Only slight
increases odecreases are observed at short and long MIT. However, the percentage of
rainfall events from 365 to 720 minutes occupies a very small portion of the total
rainfall events separated at MIT of 1 hour. This percentage increases from MIT of 1
hour until 10 lours, where the increment in percentage is lowered and changed to
decrement with further increment of MIT. These observations show that a short MIT
(e.g. 1 to 3 hours) is not recommended for application in extracting partial duration
series as it tends teeparate long duration events (365 to 720 minutes) into short
duration events (which produces too many short duration events, especially from 5 to 30

minutes), where the independences of these events are questionable.

The percentage of rainfall events lvduration of 725 to 1440 minutes also seems to be
very low at short MIT (e.g. 1 to 3 hours). With the increment of MIT, they increase at a
high rate until it slows down with little or no changes at long MIT. Note that percentage
of rainfall events (from Z5 to 1440 minutes in terms of duration) at MIT above 12
hours seems to be very high (around 10% to 18%), when compared with MIT shorter

than 12 hours.

When we look at the percentage of rainfall events with duration above@4 (or

1440 minutes) of Figre 42, it remains at near zero or very small percentage for MIT
below 10 hours. When the length of MIT increases, this percentage increases
significantly. These increases are undesired as more short duration events are combined

into long duration eventsyhich decrease the number of rainfall events. Note that the



percentage of rainfall events above 24 hours is more than 20% at long MIT (e.g. 22

hours and above).

4.23 Difference in number of rainfall events between different MIT

In order to have a closdéook at the rate of change of total eventish increment of

MIT at Figure 4.1 the Z%hour differences for number of events between the
corresponding MIT a plotted for comparison (Figure 4.3). By looking at Figure 4.3

the differences of number of everdre very high and with significant drops (from MIT

of 1 to 2 until 4 to 5 hours). With the increment of MIT, the differences reach a
consistent and stable rate. However, at long MIT (e.g. above 20 hours), the differences
seem to fluctuate, but remain lewthan the differencesbeerved at short MIT (see

Figure 4. and D).

A good explanation for the pattern observed at short MIT (e.g. 4 hours and below) is a
large number of rainfall events separated at this range of MIT is more dependent of each
other, when compared with MIT that is longer than 4 hours. By combining with the
observations of prgous analysesnost of them appear to be short duration events (30
minutes and below). The rainfall events separated becomes less dependent with the
increment of MT, which then gives a similar difference between MIT. Theoretically,

the number of events separated dases with the increment of MI'e.g. Dunkerlg,

2008; Shamsudin et al., 201@nd this decrease should be quite consistent if these
events are indepdent, which can be seen in Figure,4articularly after the MIT of 6

hours.

| 6C
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The fluctuations of the differences as mentioned earlier at long MIT could mean that, at

long MIT, some events that are supposed to be independent have been combined as a

single event. This could cause some extreme events being excluded and neglected,

whenthey are merged with extreme events where the depths of these events are larger.

61



For extreme event statistics, this could mean a great loss of important data or
information. Hence, it is important to choose the proper range of MIT that includes as
many eents as possible (in this case, the shorter the MIT, the more the number of
events), but at the same time making sure that these events are independent (or less
dependent) of each other (especially for MIT that is too short). This shows that there is a
neal to identify the undesired or unstable range of short MIT, and to use the shortest

possible and stable MIT for the separation of rainfall events.

It is very obvious that the short MIT (e.g. less than 4 hours) are undesired or unstable by
obseving their differences in Figure 8. However, it is very hard to tell when is the
changing point or the beginning of the stable MIT. A quantitative measure or guideline
is needed for this purpose. When the difference of events for a MIT with its following
1-hour MIT exceeds this guideline, that MIT will be categorized as unstable. At first,
we have attempted to see if a general threshold value for all the stations in this study can
be determined. However, it appears to be inappropriate as the differences between MIT
of some stations are quite different from other stations, and we believe that it is due to

the influence of geographical parameters such as wind regime.

Therefore, it is found that every station requires its own threshold value, which is
computed based dhe rainfall characteristics and results of the station itself. A suitable
and reasonable way to compute this value is by obtaining the average or mean
difference of yearly events between MIT. Observations show that the differences of
events after MIT of6 hours maintained at a low and quite consistenel for all
stations in Figure 8, by averaging the value of differences including the differences of

those short MIT which is significantly higher (especially for MIT below 4 hours), the



resulted averager mean difference will be a threshold value that is higher than most of

the stable MIT but lower than those MIT that give abnormally high and unstable values.

The mean difference for all stations asdculated and listed in Table 4dlong with the

list of MIT that exceed the mean difference. The results give a consistent rejection for
MIT of 4 hours and below, where-Hour appear to be inappropriate for 3 stations
(station 1, 6 and 15). While most of the stations do not have MIT of 5 hours that exceed
the mean difference, the differences fendur MIT for these stations are very close to
the values of mean differences. Thereforbpbr seems to be the changing point of the
unstable to stable MIT, which makes it not suitable to be listed as stable TW&T

finalized unstable range of MIT for Peninsular Malaysia is 5 hours and below
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Table 4.1 Stations and list of MIThat exceedhe mean difference.

Station No. Region Mean Difference Exceeded MIT (hour)
1 Northern 7.07 1,2,3,4,5

2 Northern 6.80 1,2,3,4

3 Northern 6.64 1,2,3,4

4 Eastern 9.07 1,2,3,4

5 Eastern 7.82 1,2,3,4

6 Eastern 11.9 1,2,3,4,5

7 Central 6.08 1,2,3,4

8 Central 8.43 1,2,3,4

9 Central 9.23 1,2,3,4

10 Central 5.25 1,2,3,4

11 Central 5.04 1,2,3,4

12 Southern 6.75 1,2,3,4

13 Southern 6.07 1,2,3,4

14 Southern 8.89 1,2,3,4,5

15 Southern 5.72 1,2,3,4

16 Southern 6.04 1,2,3,4,21,22

The fluctuation of differences at long MIT as mentioned previously could also surpass
the mean differences, such as the exceeded MIT (21 and 22 bbstiajon 16 listed in
Table 4.1 The proper way to evaluate the unsuitability of long MIT for separation of
rainfall would be the analyses ihme previous sectionsvhere the method used
produce the result in Table 4should only be applied for identification of unstable

range of sbrt MIT.



4.2.4 Regional and individual stations comparisons

The average number of yearly rainfall events separated by 1, 3, 6, 12 and 24 hours for
each region are plottefbr comparison (Figure 4). The eastern region has an
outstanding number afainfall events separated by MIT of 1 hour compared to other
regions. A good reason for this is that eastern region is most influenced by the southeast
monsoon. Although the central region is affected by the northeast monsoon, it appears
that present of Suatra might have reduced the impact of theneoon on this region

(see Figure 4). The northern region appears to have lowest number of rainfall events
throughout the range of MIT coraped in Figure 4}, as it has the less influence of both

monsoons dueotits geographic location.

With the increment of MIT, it seems that the number of events for eastern region
reduced significantly, and slightly surpassedtbe central region later. Figure 83

shows that the percentage of 5 to 30 minutes events faynstat(within the eastern
region) is higher than all the other stations (for northern, desmicisouthern regions)

in Figure 4.2 Thus, it seems that the southeast monsoon has caused the increased
number of short duration rainfall for the eastern regwamch can be observed when a

short MIT is applied.

The mean differences of number of yearly events between MIT are als@meahipr

the four regons (Figure 4.5 Again, eastern region has an outstanding high differences
compare to the other regions, ialn have similar values with each other. This
significant difference of eastern region is due to its large number of rainfall events
separated byhort MIT that is shown in Figure 4.4This observation agrees that a
general guideline in term of a specifialue, is not suitable to be used to analyze th

unstable range of short MIT
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After regional comparison, all 16 stations in this study are also compared to see the
differences for these stations (Figuré dnd Figure 47) for more detéed observation.

Based on Figure 8A, thenumber of events separated by MIT of 1 hour for station 4, 5,

6, 8, 9 and 14 has crossed the 250 line. Station 4, 5 and 6 are the stations within the
eastern region, which shows obvious higher events than other regions. Although station
14 is within the suthern region, it is nearest east coast in its region, and could be
influenced by the northeast monsoon. Meanwhile, station 8 and 9 are located in the
central region, but show a really outstanding measure compared to other stations within

the central reign (station 7, 10 and 11).

Located at the federal state and the most developed area of Malaysia, station 8 and 9 are
experiencing rapid urban growths, which are believed to cause the rise of rainfall
frequency. This supports the recent findings, whiobmskhat areas experiencing fast
urban growth have received incsea in heavy seasonal rainfddightawal et al.2010)

Urbanization is known to impact flood occurrences and cause increasemual



average rainfalld.g. Franczl and Chang, 2009; Haod#lj 1975) This also shows that
besides from the influence of monsoons in this study, urbanization owuEndlso
plays an important role in the characteristics of rainfall events of the study area. If
station 8 and 9 were to be excluded from the cendgibn, it will become the region
with the lowest number of rainfall atHour MIT (as station 7, 10 and 11 are among the

stations with the least number of events).

The six stations (4, 5, &, 9 and 14) with highest number of rainfall events-abar

MIT, tends to reduce their difference with other statrath the increment of MIT
(Figure 46B-E); while station 8 and 9 remain to be the two stations with highest
number of rainfall events. When combih&ith the observations in Figure24and
Figure 44, they lead to two conclusions: the influence of monsoons are mainly on short
duration events when separated by short MIT; while the impact of urbanization (station
8 and 9) gives a general increase in all rainfall events throughout the range of MIT

appliedin this study.

The mean differences of annual number of events destwMIT are also compared
(Figure 47) and appeato be very similar with Figure @A, as the main contributors of

the differences between these stations are the differences on annbal wiievents at

short MIT, where the increment of MIT will lower these differences. This again
supports the earlier finding regarding the inappropriateness of using a general value as

threshold level for all stations to identify the unstable range of Shadr.
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4.25 Conclusions

The analyses performed in this study show similar and consistent trends with the
selected rangefMIT (1 — 24 hours) for 16tations in Peninsular Malaysia. It appears

that a MIT that is as short as possible is desired as the longer the MIT; the more the
consecutive rainfall events considered belonging to the same event (which results in the
increase of long duration eventsich as more than 24 hours). However, at short MIT,
there are concerns on the independence of the separated rainfall events. By analyzing
the differences ofranual number of rainfall eventthe range of the undesired rainfall

eventsassociated with theirocresponding MITcan be identified.

The results from this analyssiow that MIT of 5 hours and below is inappropriate to be
used in Peninsular Malaysia, as for the application of rainfall extracting partial duration
series, the condition of the rainfaVents required to be independent and to include as
many events as possible. The most suitable MIT for the climate condition in Peninsular
Malaysia will be 6 hours (right after the unsuitable range of short MIT). For studies
where specific MIT is selectethese analyses will help to identify the characteristics

and conditions of the separated rainfall events.

This study also discovered that the numbers of rainfall events are affected by monsoons
and landuse (or urbanization in this case). Thus, the asslyconducted in this study

can also be used to identify the variation of rainfall events and the influences of
geographical parameters on the study area. It is found that the northeast monsoon has
caused increases in number of rainfall events at eadt@d@eninsular Malaysia and is
observed with the application of short MIT. The impacts of urbanization and intensive
land development in Kuala Lumpur (Station 8 and 9) could have caused the general

increases of annual number of events.



4.3  Determination of best fitting distribution and data series

This segmentof study compares and idenéi§ the best approaclGEV/AMS or
GPA/PDS for derivation of IDF relationship in Peninsular Malaysia. By using MIT of

6 hours (result from section 4.2), rainfall PDS data be extracted by using RainEMT.
Extraction of rainfall AMS data is straight forward, and also done by using RainEMT.
These two data series for all 60 selected rainfall stations are collected and used to derive
their IDF relationship by using RainIDFn lorder to compare the goodness of fit of
GEV/AMS and GPA/PDSapproach, RainIDF is used to identify their coefficient of L
moments and IDF relationship at the same time. Therefore, the necessity of software
like RainIDF for this study can be seen here.NMit a tool like RainIDF, this step

might not seen to be reasonable to perform as the required time and effort is too high.

4.3.1 Derivation ard comparison of GEV/AMS andGPA/PDSIDF curves

Using bothGEV/AMS and GPA/PDSapproaches, IDF relationship of all 60 selected
rainfall stations has been derive8l.chosenstations and their IDF relationship are
comparedFigure 48, 4.9 and4.10). The data series include durations of 5, 10, 15, 20,
30, 45, 60, 90, 120, 150, 180,®4300 and 360 minutes. By comparing IDF curves
computed from annual maxima series with IDF curves of partial duration series, it
seems that the rainfall intensity for short return period (e.g. 5 years and below) for
partial duration series are slightlyghier than annual maxima series throughout all the
plotted durations. Note that the partial duration series used are around 3 events per year
on average, compared to annual maxima series with 1 event per year. It is easier to
derive IDF relationship with amal maxima series and GEV distribution as the
extraction of annual maxima series is straightforward while extraction of partial
duration series requires extra steps (e.g. separation of rainfall events and selecting

threshold values). Although the choicé minimum interevent time and threshold
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values can cause slight differences for partial duration series results, the most important
step in preparation of data is to filter the invalid or problematic data (especially for short

duration rainfall such as&nd 10 minutes).
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Figure 48: IDF curves derived from station 2330009 in Johor. (a) Partial duration

series. (b) Annual maxima series.
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Figure 4.9 IDF curves derived from station 3628001 in Pahang. (a) Partial duration
series. (b) Annual maximseries.
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4.3.2 L-momentratio diagram of GEV/AMS and GPA/PDS

To choose betweeGBEV/AMS and GPA/PDSapproached,-moment ratio diagram as
demonstrated by Hoskingnd Wallis(1997)is used to determine the godd of the
AMS or PDS to their corresponding distributiohsmoment ratio diagrams for the 3
selecté stations are plotted in Figure 4.1By comparig the fiting of GEV/AMS
(Figure 4.1A, C and E) wih the fitting of GPA/PDS(Figure 4.1B, D and F), it is
observed thatGPA/PDS has a better fitting tha®GEV/AMS, as theGPA/PDSL-
moments ratios and sample mean are closer to the populatioiskawness andl-
kurtosis of the GPA distribution. In this case, the useGH#HA/PDS approach is
encouraged for the derivation of IDF relationship for these 3 statynglotting the
meanL-moment ratio of all 60 selected rainfall stations, we can see that the fitting of
PDS to GPA is better tharhe fitting of AMS to GEV (Figure 42). Sincethe L-
moment ratio diagram provides a clear indiaatior the fitting of the data, additional
goodnessf-fit tests (such as Andersdbarling Test) are not needed in this study. The
result shows thatGPA/PDS approach is the most suitable approach for Peninsular

Malaysia.

4.3.3 Conclusions

This study shows tha&PA/PDSapproach for derivation of IDF relationship is more
desired tharGEV/AMS approach for Peninsular MalaysiBhe imporance of rainfall

IDF curves as design rainfall references in water resources engineering are increasing
especially with the impact of climate change. RainIDF can help to speed up analysis
work and thus, largecale derivation of rainfall IDF relationshiprc be performed with

ease (especially for partial duration series). If other IDF formula is preferred, one may
use the distribution parameters and quantiles obtained via RainIDF to apply with the

preferred IDF formula. Rainfall data with missing data amdhlid values have to be



filtered carefully before they are used to extract annual maxima or partial duration

series, as these problematic data will affect the accuracy of the derived IDF curves.

On the other hand, if the desired return period is different from the supported return
period, one may also calculate the quantiles of the desired return period manually based
on the statistical parameters. Since RainIDF fits GEV distribution to annuamaax
series and GPA distribution to partial duration series, one should study their suitability
for the selected regions as their condition of fitting to data series might varied on
different regions. Goodnesé-fit tests andL-moment ratio diagrams are ang the

widely used method for testing theagimessof-fit of distributions.
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Figure4.11: L-moment ratio diagrams f@annual maxima series (AMS) and partial

duration series (PDS) davdtained from 3 selected rainfall stations in Peninsular

Malaysia
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Figure 4.12 L-moment ratio diagram fannual maxima series (AMS) and partial

duration series (PDS) davdtained from 60 rainfall stations in Peninsular Malaysia

4.4  Presentation of design rainfall data for enduserswith RainMap

All IDF relationship coefficients derived from RainIDF arbemh integrated into
RainMap. As currently there is no convenient way to view location of rainfall station
and their corresponding design rainfall dynamically, RainMap provides a huge leap in
convenience of viewing design rainfall, location the nearestalhistation for target
project location. The main screen of RainIDF with all 60 rainfall stations can be seen on
Figure 4.13. User can click on the pushpin on the map (powered by Bing -Map
Microsoft) or select from the list of rainfall stations on te&. Moreover, users can
zoomin the dynamic Bing Map to locate the targanfall station accurately (Figure
4.14). The information of the rainfall station such as coefficient of empirical IDF
formula, station number and state are shown omigihe sice of the screen (Figure 81

and Figure 4.4). By clicking on the ‘generate design rainfall’ button, the design rainfall

of the target rainfall stations will be displayed in a popviqdow (Figure 4.5).
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CHAPTER 5

CONCLUSIONS

5.1 Introduction

This chapter contains the outcome of this research, which satisfies the objectives of this
study.In general, thistsidy has successfully producsadlutiors for the problers stated,

such as identifying the best approach for derivation of IDF relationshipeaesval of

IDF curves in Peninsular Malaysi#. is important toensure that the rainfall data is
filtered from empty records and outliers before it is used for generation of IDF curves,
as it is found that the qualitof the rainfall data could directlgffect the outcome
Moreover, the software products or packages developed in this atedgusable and

will be very usefuffor future research considerations and commercial applicafitres.

most important findings of this study are discussed in theviatig sections.

5.2 The most suitable minimum interevent time (MIT) for separation of

rainfall events in Peninsular Malaysia
There are different methods to produce individual rainfall events from rainfall data. The
most used method by researchers ardhedgylobe is minimum integvent time (MIT).
However, the selection of MIT uddo divide rainfall events has huge impact on the
number and independency of the rainfall events. The result of this study shovwthat t
most suitable MIT for separation adinfall events in Peninsular Malaysia is 6 hours.
Therefore, it is recommended thature researchers should adopt MIT of 6 hours to
separate rainfall events in Peninsular Malaysia. Researchers can use the rainfall

characteristics analysis in this studydetermine the most suitable MIT in other region



(outside Peninsular Malaysia), as currently there are no other quantitative methods that

serve the same purpose.

5.3 The most suitable approach for deriving rainfall IDF relationship in
Peninsular Malaysia
After the GEV/AMS andGPA/PDSapproaches are compared (by usinghément ratio
diagram) we have concluded th&PA/PDSis the most suitable approach figriving
rainfall IDF relationship inPeninsular MalaysiaThe current approach useay
government agency to derive IDF relationship in Malays@EY/AMS. This study has
shown the difference between IDF curves generated @fEN/AMS and GPA/PDS
The government agency should consia@optingGPA/PDSapproacho derive rainfall

IDF relationship, especially with increasing flood events in recent years.

5.4  The updated rainfall IDF curves for Peninsular Malaysia and usability of
software package for future study or application
The 60 updated rainfall IDF curves have been integrated intdVRRa and can be used
to display design rainfall and location of the rainfall statibhe government agency
can consider to use them as the latest design rainfall guideline for design of water
resources structures. RainEMT is recommend for separatiomirfalt events and
extraction of event maximum or partial duration series. Meanwhile, RaihH#3Foeen
uploaded to Github and has been maaeailable for researchers worldwide
(http://github.com/kbchang/rainidf). RainEMT and RainIDF will ease the process of
rainfall data extraction and plotting of rainfall IDF curves, and thus allow mass
generation of rainfall IDF curves over the region. RaapMserves as a better way for
viewing design rainfall and can beirther developednto a platform that allows

researchers to share their rainfall data, IDF curves and design rainfall worldwide.
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RainIDF: automated derivation of rainfall

intensity-duration-frequency relationship
from annual maxima and partial duration series

Kian Boon Chang, Sai Hin Lai and Othman Faridah

ABSTRACT

RainIDF, a software tool for derivation of rainfall intensity-duration-frequency (IDF) relationship is
developed as an Excel add-in by using Visual Basics for Applications (VBA). The tool is integrated with
two of the most widely used statistical distributions for determination of IDF relationship: the
generalized extreme value (GEV) distribution for annual maxima series, and the generalized Pareto
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(GPA) distribution for partial duration series (PDS). It provides automated distribution fitting for rainfall Malaysia
data in the form of annual maxima or PDS for multiple intervals, solving and plotting of rainfall IDF
curves. RainIDF uses the Solver add-in function in Excel to solve the coefficients of the empirical IDF
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formula in one step. The methodology built into RainIDF is discussed and rainfall IDF relationships for

several stations in Peninsular Malaysia are derived and compared. RainIDF is available for download

on GitHub (http:/github.com/kbchang/rainidf) as an Excel add-in.

Key words | annual maxima series, Excel, generalized extreme value distribution, generalized Pareto

distribution, partial duration series, rainfall intensity-duration-frequency

INTRODUCTION

The rainfall intensity-duration-frequency (IDF) relation-
ship is an important tool for the determination of design
rainfall in water resources structural design, urban storm-
water management, flood modeling, etc. In some cases,
depth-duration—frequency (DDF) and intensity—duration—
area-frequency (IDAF) relationships are used, which
serve the same purpose as the IDF relationship. Generally,
there are two types of rainfall data series that are widely
applied for derivation of IDF relationship: annual
maxima series (AMS) and partial duration series (PDS).
There are different methods or approaches to derive rain-
fall IDF relationship (e.g. Koutsoyiannis & Baloutsos
2000; Overeem et al. 2008; Palynchuk & Guo 2008; Ben-
Zvi 2009; Madsen et al. 2009; Van de Vyver & Demarée
2010; De Michele ef al. 201), where the selection of good
fitting probabilistic distributions for the target region is
very important.

doi: 10.2166/hydro.2013.192

RainIDF is developed by using Visual Basics for Appli-
cations (VBA) and can be installed as an Excel add-in.
Basically, input data in the form of annual maxima or
PDS for multiple intervals are inserted into an Excel work-
sheet and the RainIDF add-in will fit the data with the
corresponding  probabilistic  distribution  (generalized
extreme value (GEV) or generalized Pareto (GPA) distri-
bution), list out all statistical parameters and optimization
procedures to obtain the empirical IDF formula. Besides, it
also takes the advantage of Excel’s chart plotting functional-
ity to plot the IDF curves automatically based on the derived
empirical IDF formula. The output return periods or annual
recurrence intervals (ARI) for the IDF relationship derived
are 3-month, 6-month, 9-month, 1-year, 2-year, 5-year, 10-
year, 20-year, 50-year and 100-year. For other return periods
or AR, it has to be performed manually based on the par-
ameters of the fitted distribution.

9C




APPENDIX A

60 selectedrainfall stations in Peninsular Malaysia

Figure A1l. Location of60 selected rainfall stations in Peninsular Malaysia.
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Table Al.

Information of 60 selected rainfall stations

Station Latitude Longitude Record Excluded Year Total Full
No Year
2237164 | 021525 | 1034410 June 1970 - | 1970, 1974, 1975, 31
Oct 2011 1976, 1978, 1981,
1982, 2000, 2006,
2007, 2011
2025001 | 020305 |1023440 Aug 1974 - | 1974, 1992, 1994, 30
Sept 2011 1995, 1996, 2005,
2006, 2011
1931003 | 015825 | 1031045 Sept 1982 - | 1982, 2005, 2006, 25
Oct 2011 2007, 2011
1834001 | 015045 | 1032830 March 1989 | 1989, 2006, 2011 20
- Oct 2011
1636001 | 013750 | 1034150 Sept 1980 - | 1980, 1989, 1991, 23
Oct 2011 1992, 1994, 2004,
2005, 2006, 2011
2330009 | 022305 |1030100 June 1970 - | 1970, 1974, 1975, 31
Sept 2011 1992, 1993, 1994,
1995, 2005, 2006,
2007, 2011
3411017 | 032525 |1011023.9 | June1970 | 1970, 1977, 1978, 34
-Dec 2011 | 1992, 1995, 1996,
1997, 2007
3613004 | 034153 | 1012060 June 1970 - | 1970, 1973, 1975, 34
Dec 2011 1978, 1979, 1981,
1996, 2005
3516022 | 033433 | 1013956 June 1970 - | 1970, 1975, 1977, 35
Dec 2011 1978, 1979, 1991,
2006
3314001 | 032208 |1012443.9 |Jan1974- | 1974,1977, 1979, 32
Dec 2011 1995, 1996, 2005
3118102 | 031025 | 1015220 July 1970 - | 1970, 1971, 1972, 34
Dec 2011 1973, 1977, 1979,
1982, 2006
2917001 | 025946 |101478.9 | April1975- | 1975, 1989, 1998, 31
Dec 2011 2006, 2007, 2008
2913001 | 025550 | 1012335 Dec 1973 - | 1973, 1975, 1976, 27
Dec 2011 1977, 1978, 1989,
1992, 1996, 1997,
1998, 2008, 2009
2815001 | 024935 |1013230 June 1970 - | 1970, 1986, 1989, 38
Dec 2011 1990
3116003 | 030905 | 1014105 Dec 1992 - | 1992, 2005, 2011 17
Oct 2011
3217002 | 031410 |1014510 Dec 1972 - | 1972, 2005, 2011 37
Oct 2011
3833002 | 034830 |1031945 May 1985 - | 1985, 1989, 1993, 20
Nov 2011 1994, 1996, 1997,
2008
3032167 | 030100 | 1031155 Aug 1981 - | 1981, 1982, 1996, 21
Nov 2011 1997, 1999, 2000,
2005, 2006, 2007,
2008
3924072 | 035415 | 1022600 June 1970 - | 1970, 1993, 1996, 38
Nov 2011 1997
3424081 | 032620 | 1022535 June 1970 - | 1970, 1973, 1975, 28
Nov 2011 1976, 1978, 1979,
1980, 1997, 2004,
2005, 2006, 2007,
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2008, 2009

3818054 | 0348 20 101 50 50 July 1970 - | 1970, 1975, 1976, 35
Nov 2011 1977, 1978, 1979,
1982
4513033 | 04 31 00 101 23 00 July 1975 - | 1975, 1987, 1989, 30
Dec 2010 1999, 2004, 2008
3628001 | 033800 102 51 20 July 1975 - | 1975, 1976, 1977, 27
Nov 2011 1979, 1980, 1981,
1986, 1993, 1997,
2006
4219001 | 041400 101 56 25 July 1974 - | 1974, 1984, 1985, 29
Nov 2011 1986, 1989, 1996,
2002, 2004, 2005
5725006 | 054750 102 33 55 July 1970 - | 1970, 1984, 1985, 26
Nov 2011 1986, 1987, 1988,
1989, 1990, 1991,
1992, 1994, 1995,
1996, 1997, 2002,
2006
5331048 | 051905 103 08 00 June 1970 - | 1970, 1971, 1972, 31
Oct 2011 1973, 1983, 1992,
1996, 1998, 2005,
2006, 2011
4832011 | 0450 35 103 12 15 Dec 1985 - | 1985, 1987, 1988, 18
Oct 2011 1989, 1998, 2000,
2005, 2006, 2011
4232002 | 04 16 15 103 11 55 Dec 1985 - | 1985, 1993, 1996, 20
Oct 2011 1997, 2005, 2006,
2011
5029034 | 0504 00 102 56 30 July 1971 - | 1971, 1978, 1982, 30
Nov 2011 1985, 1986, 1988,
1990, 1992, 1994,
1998, 2005
6019004 | 06 01 25 101 58 45 June 1970 - | 1970, 1974, 1975, 24
Oct 2011 1977, 1978, 1979,
1980, 1981, 1989,
1990, 1991, 1997,
1999, 2005, 2007,
2011
5722057 | 0547 15 102 1310 June 1970 - | 1970, 1973, 1974, 22
Oct 2011 1976, 1980, 1981,
1982, 1985, 1986,
1987, 1988, 1989,
1990, 1992, 1998,
2000, 2001, 2002,
2008, 2011
4923001 | 0456 15 102 21 10 Nov 1974 - | 1974, 1975, 1981, 28
Oct 2011 1984, 1988, 1989,
1992, 1993, 2006,
2011
4819027 | 04 52 45 10158 10 July 1971 - | 1971, 1975, 1978, 36
Nov 2011 1987, 1988
5320038 | 0522 40 102 00 55 Sept 1971 - | 1971, 1983, 1986, 33
Oct 2011 1987 ,1990, 2000,
2004, 2011
5204048 | 0517 38 100 28 50 Jan 1988 - | 2011 23
Oct 2011
5402002 | 0526 25 100 17 10 July 1975 - | 1975, 2011 35
Oct 2011
5302001 | 052330 100 12 45 July 1970 - | 1970 41

Nov 2011




5504035 | 053205 100 25 50 July 1970 - | 1970, 1971, 1976, 37
Oct 2011 1996, 2011
5411066 | 052500 101 09 15 June 1972 - | 1972, 1973, 1974, 26
Nov 2011 1975, 1976, 1978,
1979, 1980, 1982,
1983, 1984, 2006,
2007, 2008
4908018 | 0458 45 100 48 15 July 1970 - | 1970, 2001, 2003, 34
Nov 2011 2005, 2006, 2007,
2008, 2009
4511111 | 04 3520 101 07 30 May 1972 - | 1972, 1973, 1975, 33
Nov 2011 2003, 2005, 2006,
2007
4010001 | 04 01 00 101 02 10 July 1970 - | 1970, 1977, 1978, 36
Nov 2011 1979, 1980, 2007
4209093 | 04 1520 100 54 00 July 1970 - | 1970, 1971, 1972, 36
Nov 2011 1974, 2005, 2007
2223023 | 021200 102 18 00 April 1994 - | 1994, 1995, 1998, 13
Nov 2011 2000, 2001
2421003 | 02 26 20 102 11 10 April 1994 - | 1994, 1995, 1996, 10
Nov 2011 1997, 1998, 2001,
2002, 2008
2224038 | 0217 20 102 29 30 July 1970 - | 1970 41
Nov 2011
2321006 | 022150 102 11 35 May 1974 - | 1974, 1990, 2006, 33
Nov 2011 2007, 2008
6306031 | 06 20 35 100 41 25 July 1970 - | 1970, 1982, 2004, 35
Nov 2011 2005, 2006, 2007,
2008
6397111 | 06 21.3 9943.903 | Sept 1972 - | 1972, 1974, 1975, 27
47 Nov 2011 1976, 1977, 1978,
1979, 1995, 1996,
1997, 1999, 2006,
2007
5806066 | 0548 50 100 37 55 June 1970 - | 1970, 1976, 1978, 39
Nov 2011 1993
6108001 | 06 06 20 100 50 50 Dec 1974 - | 1974, 1979, 1981, 33
Nov 2011 2006, 2007
6103047 | 06 06 20 100 23 30 July 1970 - | 1970, 1971, 2005 39
Nov 2011
5507076 | 053500 100 44 10 Dec 1977 - | 1977, 1979, 1981, 27
Nov 2011 1982, 1992, 2004,
2006, 2007
2820011 | 0254 44 102 01 10 June 1995 - | 1995, 1997, 1998, 13
Nov 2011 1999
2719001 | 0244 15 101 57 20 June 1970 - | 1970, 1975, 1976, 37
Oct 2011 1991, 2011
2418034 | 02 25 40 101 52 15 June 1995 - | 1995, 1997, 1998, 11
Oct 2011 1999, 2010, 2011
2722002 | 024520 102 1550 July 1970 - | 1970, 1971, 1972, 33
Oct 2011 1976, 1991, 1992
2008, 2009, 2011
2725083 | 024310 102 30 45 June 1970 - | 1970, 1971, 1973, 30
Sept 2011 1974, 1975, 1976
1984, 1986, 1991,
1992, 1993, 2011
6603002 | 06 39 25 100 18 35 Dec 1974 - | 1974, 1975, 1976, 32
Nov 2011 2004, 2005, 2006
6401002 | 06 26 45 100 11 15 Nov 1974 - | 1974, 1975, 1976, 33

Dec 2011

2005, 2006
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Sampleof extracted AMS and PDSdata



Table B1.

AMS data for Statior2330009 at Johor.
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Table B2. PDS data applied with arbitrary thresholds for Station 2330009 at Johor.
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APPENDIX C1

Source project ofRainEMT in Microsoft Access

@Y~ RainEMT
Home Create External Data Database Tools Design Arrange Format

rgﬁLogo

e Rd\ S e

~ | Image ~ @ Date and Time

@ B colors - @ Aa D QJ

View | Themes Fonts'

Views | Themes | __ Controls | Header/Footer
All Access Objects ® « |}i=2] Rai
|Search\.. |}J|L||---I---I---l---2---l---3---|---4---|---5---|---s---|
Forms « ||| || % Form Header
ramenT : * RainEMT - Rainfall Event Mining Tool

|| Detail

Number of Events Iﬁnnual Maximum [ Event Maximum Iﬁbou

Interval of Rainfall Data {Source}i

‘: | | ©[ mins {recommended)| ©[0mins | ©[15mins |

; 'Table MName: | |Unb0und |
| it (hour):] [unbound |
21 |E><c|udeYear:| |Unb0und |

| -
A @IYearIy | (f)||\.-'lcln’chl\.r |

|Sh0w Total Events and Mean |

J # Form Footer

K.B. Chang and S.H. Lai © 2012, {Beta Version)

4] [T

Design View |

Figure C1. Interface design and development of RainEMT
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RainEMT

@H9- ™

m_Home Create External Data Database Toals

£ Microsoft Visual Basic for Applications - RsinEMT - [Farm_RainEMT (Code]]

i@ Fle Edit View Inset Debug Run Tools Addlns Window Help
Blag-d 4 2@md 90 » nab 3FS 5 @ wnicot B
Project - Databasel x| [Generan ~ | [toectarations)
= = g

E-% Databasel (RainEMT)

pption Compare Database

15 Microsoft Access Class © 'This Function Checks if & given Table exists Or not.
8] Form_RainEMT Function TableExists(strTableName As String) As Boolsan
On Error Resume Next
TableExists = (CurrentDb.TableDefs(strTableName).Name = strTableName)

End Function
Function MaxAnnualRain(TableInput As String, InputMinutes As Integer, ScaleMinutes As Integer)

O m v 'Define Data from User Imput and SQL Query from Database
Bropeibes ] Dim Datasst As Recordset
- Set DataSet = CurrentDb.OpenRecordset (TableInput)

Alphabetic | Categorized |
'Define Variables

Dim DataScale As Integer
Dim TotalRain Rs Single

Dim MaxAnmualValue() As Single
Dim MaxAnnualDate() As Date
Dim RainArray() As Single

Dim StartYear As Integer

Dim End¥ear As Integer

Dim Sum¥ear As Integer

Dim Current¥ear As Integer
Dim Message As String

DataScale = InputMinutes / ScaleMinutes

'Assign Size of Array based on the Minutes Scale

! o

Ready

Figure C2. Source code (VBA) of RainEMT: Cheiclg function fortable existent

and defining source of data.

RainEMT = = =8

“Hnme Create External Data Database Tools

#9 Microsoft Visual Basic for Applications - RainEMT - [Form_RainEMT (Code)]

i@ Fle Edit View Inset Debug Run Teols AddIns Window Help Typea questionforhelp -+ _ & x
Blde-ld 2@ 90 » n 3k HFF & @ nlcol B
Project - Databasel x| [(Generan ~ 7| [twestarations)

j=g= ]

-4} Databasel (RainEMT)
-5 Microsoft Access Class C
Form_RainEMT SysCmd acSysCmdInitMeter, "Processing...", SumYear

‘Loop Year by Year Until the End of Data

For i = Start¥Year To End¥ear

SysCnd acSysCmdUpdateMeter, Sum¥ear - End¥sar + i
< i v
Properties

- For N = LBound(ExcludeYear) To UBound (ExcludeYear)

Alphabetic |Cmgnmd| If i = ExcludeYear (N) Then
ExcludeCurrent¥ear = True
End If
Next N

ExcludeCurrentYear = False

Do Until i < Year(DataSet![Date])
MaxEventValue (i) = 0

EventCounter = 0

NewEvent = 0

For N = 1 To DataSeale
RainArray (N) = 0

Next N

Do Until NewEvent = 1
EventDuration = EventDuration + 1

| o

Ready

Figure C3. Source code (VBA) of RainEMT: Looping rainfall data frdire first

year untilthe last year.



APPENDIX C2

Sourceproject of RainIDF in Microsoft Excel

|| [ﬂ - Rain IDF.xlsm - Microsoft Excel
Home Insert Page Layout Farmulas Data Review View Developer Add-Ins Team
E Microsoft Visual Basic for Applications - Rain IDF.xlsm - [Rain IDF.xlsm - PDSFittingForm (UserForm)]
Eile Edit View Insert Format Debug Run  Tools Add-Ins  Window Help
EE-Ed 4 a8 PouoE b BNEY 2@ B
Project - RainlDF x|
==l - B PDS - Fit Distribution & Solve IDF Relationship
T : @ Theworkbook = This function will fit your PDS/POT data to the Generalized Fareto distribution.
Bl Forms
CreditsForm A
PDSFittingForm |~ | B4l
ThresholdForm  —  E
H (27 Modules -
1 | m | » DATA
Properties - PDSFittingForm %]
|PDSFlttingFur UserForm j

Alphabetic |Categorized |

Interval Range s

(Name) PDSFittingForn =
[ aHaoor = ||
BorderColor ] &Ha00000:
BorderStyle 0 - fmBorder5t
Caption PDS - Fit Distril =
Cyde 0 - fmCydeAlF|
DrawBuffer 32000
Enabled True
Font Tahoma
ForeColor W zH300000:
Height 335.25
HelpContextID 0
KeepScrolBarsy 3 - fmScrollBar
Left a
MouseIcon (None)
MousePointer | 0 - fmMouzePc
Picture (Mone)

PictureAlignmen 2 - fmPictureal =

i

25
IR

Sheetl

]

Ready | I |

Figure C4. Interface design and development of RainIDF
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= Rain IDFaxlsm - I o @ =
“Hnme Insert Page Layout Formulas Data Review View Developer Add-Ins =) e o @ R
£ Microsoft Visual Basic for Applications - Rain IDFixtsm - [PDSFittingForm (Code)]
ile Edit View Inset Format Debug Run ook Add-dns Window Help Type a question for help -
E-H 4 s 90 » o @k HFEE & @ wicon B
Project - RainlDF x| [(Generan ~ 7| [twectrations)

'AutoFit labels column
Columns (FirstColumn + CellsCount + 1).AutoFit

CreditsForm
[ PDSFittingForm

ThresholdForm Dim ThresholdvValid As Boolean
-5 Modules
48 PWMFormula ‘Loop across range of intervals
&% RibbonUL For i = 1 To CellsCount
4 Solver (SOLVERXLAM ~
< m | » Cells(FirstRow, FirstColumn + CellsCount + i + 1).Value = number (Cells(FirstRow, FirstColumn + i - 1).Value)
= = Cells(FirstRow, FirstColumn + CellsCount + i + 1).Font.Bold = True
Properties - PDSFittingForm | Cells (FirstRow, FirstColumn + CellsCount + i + 1).Font.Color = RGB(255, 255, 255)
PDSFittingFor UseForm _~ Cells(FirstRow, FirstColumn + CellsCount + i + 1).Interior.Color = RGB(D, 0, 0)
Cells(FirstRow, FiratColumn + i - 1).Value = number(Cells (FirstRow, FirstColumn + i - 1).Value} & " min"

Alghabetic | Categorized |

— Cells(FirstRow + 1, FirstColumn + CellsCount + i + 1).Formula = "=Count (" & Columns(FirstColumn + i - 1).Address & ")"
MPDSF'WWFW”; Cells(FirstRow + 2, FirstColumn + CellsCount + i + 1).Value = Record¥ears J
BackColor [ &500000(
pordercolor Ml &riso0000:

0- 'Sort PDS/POT data range

Caption PDS - Fit Distril - Range (Cells (FirstRow + 1, FirstColumn + i - 1), Cells(Cells(FirstRow + 1, FirstColumn + CellsCount + i + 1).Value + 1,

Cyce 0 - fmCydeAlF

Crawuffer 32000 If ParstoType = "G.Pareto (2F)" Then

Enabled [True StartLoopIndex = 1

Font Tahoma L4

ForeColor M &rs00000: ThresholdValid = False

Height 335.25

HelpContextlD 0 'Loop and delete data below threshold value

[KeepScrollBarsV 3 - fmScrolBar Do While IsEmpty(Cells(FirstRow + StartloopIndex, FirstColumn + i - 1)) = False

Left 0

Mouselcon  (None) If Cells(FirstRow + Startlooplndex, FirstColumn + 1 - 1).Value > CDbl(Thresnoldhrray(i - 1)) Then

MousePointer 0 - fmousePc Threshaldvalid = True

Picture (Nane)

PictureAlignmen 2 - fmPictureAl ~ |

25 -
W 4+ M| Sheetl /%3 M4l M | » [
Reacy | P | ¥ &

Figure C5. Source code (VBA) of RainIlDF: Looping across range of intervals

identified from data.

Rain IDFxlsm - M

&
m_ Home  Insert  Pagelayout  Formulas  Data  Review  View | Developer | Adddns  Team

#5 Microsoft Visual Basic for Applications - Rain IDF.xlsm - [PDSFittingForm (Code)]

File Edit View Inset Format Debug Run Tools AddIns Window Help Type a question for help
EE-E $#aadéa 90 » i a bk HFF & @ Ll coll g
l:afzsi= ik x| I(General: - I(Declaral\ons)

= G
CreditsForm

Cells(FirstRow + 7 + CellsCount * 10, FirstColumn + CellsCount * 2 + 8).Formula = "=SQRT (SUM(" & Cells(FirstRow + 6 + 1, Fi

PDSFittngForm ") /COUNT (" & Cells(FirstRow + 6 + 1, FirstColumn + CellsCount * 2 + &).Address & ":" & Cells(FirstRow + 6 + CellsCount * 10
[ ThresholdForm
&5 Modules Zpplicacion.Run "SolverReset"
2 PuMFormUa Application.Run "SolverAdd”, Cells(FirstRow + 1, FirstColumn + CellsCount = 2 + 4).Address, 3, "0"
-+ RibbonLL 4 Application.Run "SolverAdd", Cells(FirstRow + 2, FirstColumn + CellsCount * 2 + 4).Address, 3, "0"
& Solver (SOLVERXLAM ~ Application.Run "SolverAdd", Cells(FirstRow + 3, FirstColumn + CellsCount * 2 + 4).Address, 3, "0"
< i | » Application.Run "SolverAdd", Cells(FirstRow + 4, FirstColumn + CellsCount * 2 + 4).hddress, 3, "0"
= = Zpplicacion.Run "SolverAddn, Cells(FirstRow + 4, FirstColumn + CellsCount * 2 + 4).hddress, 1, "1"
Properties - PDSFittingForm | Zpplicacion.Run "SolverOk", Cells(FirscRow + 7 + CellsCount * 10, FirstColumn + CellsCount * 2 + &).Address, 2, "0", Cells|(

PDSFittingFor UserForm -

Alphabetc | Categorized | * run the analysis

SolverResult = Application.Run("SolverSolve", True)
[ PosFittingForn -
BackColor [ arisoo0oor ' finish the analysis
BorderColor [l 8+800000: Zpplication.Run "SolverFinish®
0-
Caption PDS - Fit Distril - 'Add optimized quantiles values
Cyce 0 - fmCydeAlF For i = 1 To CellsCount
DrawBuffer 32000 Cells (FirstRow + 32, FirstColumn + CellsCount + i + 1).¥alue = number (Cells(FirstRow, FirstColumn + i - 1).Value)
Enabled Trug Cells (FirstRow + 32, FirstColumn + CellsCount + i + 1).Font.Bold = True
Font Tahoma T Cells (FirstRow + 32, FirstColumn + CellsCount + i + 1).Font.Color = RGB(255, 255, 255)
[ForeColor Ml &r500000: Cells (FirstRow + 32, FirstColumn + CellsCount + i + 1).Interier.Color = RGE(0, 0, 0)
Height 335.25
HelpContextiD 0 For 3 = 1 To 10 J
KeepScrollBarsV 3 - fmScrolBar
Left 0 Cells (FirstRow + 32 + j, FirstColumn + CellsCount + 1 + i}.Value = Cells(FirstRow + 6 + j + i * 10 - 10, FirstColum
Mouselcon {None)
MousePointer 0 - fnMousePc Hext 3
Picture (None) hd
PictureAlignmen 2 - fmPictureAl = | »
=
25 -
W 4 b ]| Sheetl %1 [ i 1 » [
Ready | [ | % €

Figure C6. Source code (VBA) of RainIDF: Calling solver aud function to

performonestep least squares method to solve empirical IDF formula.
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APPENDIX C3

Source projectof RainMap in Microsoft Visual Studio

Forml.vb [Design] Forml.vb MainWindow.xaml.vb MainWindow.xaml X

File

List of rainfall stations Stat

2237164 (Johor) -
2025001 (Johor)
3.1931003 (Johor)
4.1834001 (Johor)

5. 1636001 (Johor)

6. 2330009 (Johor)
7.3411017 (Selangor)
8. 3613004 (Selangor)
9. 3516022 (Selangor)
10. 3314001 (Selangor)
11. 3118102 (Selangor)
12. 2917001 (Selangor)
13. 2913001 (Selangor)
14, 2815001 (Selangor)

1
2.

=]
-7
a
c
=2
)
ES
o
s
E
n
=]
=
&
@
9
&
a
@

O e
o )
9

m

State:

Latitude:

Longitude:

m

ion No:  Select a station

0

E XAML
:Class="MainWindow"
http://schemas.microsoft.com/winfx/2e@6/xaml/presentation”
"http://schemas.microsoft.com/winfx/2006/xaml"”
:m="clr-namespace :Microsoft.Maps.MapControl.WPF;assembly=Microsoft.Maps.MapControl . WPF"
Rain Map"” Height="680" Width="96@" MinHeight="680" MinWidth="96@">

1t

'\ 0 Design
=l <Window

<Grid>

<m:Map
Center="4.1,102.1"
ZoomLevel="7"
CredentialsProvider=
x:Name="mvMap"

AsYKrHAhns9MbRqLMn4tCGvgwUePhvBotrjcUw8EkxzqFxQ4KeDFZkuMXY_XSefs™

224.41.220.42">

_Marei
m ‘

100 %
Rectangle (Rectanglel) Window/Grid/Rectangle

Ln144 Col10

Ready

Figure C7.

Forml.vb [Design] Forml.vb MainWindow.xamlvb >

Ch10 INS

Interface design and development of RainMap.

4 Buttonl -| ¥ Click

Dim thisName() As String = Split(sender.Name,
Dim thisStation As String = "L" & thisName{1)
outerListBox.FindName(thisStation).IsSelected

Yy

sa2un0s e3e( g

True

End Sub

Dim newW = New s()

> 4]

Private Sub Buttonl Click(ByVal sender As System.Object, ByVal e As System.Windows.RoutedEventirgs) Handles Buttonl.Click

newl.Text = "Design rainfall for station " & StationNo.Content

new.Labell.Text = "Showing rainfall intensities (mm/hour) at various durations and return periods for station ™ & StationNo.Content
"smin rainfall

newtl.Al.Text = FormatNumber((r.Content * (3 / 12) * k.Content) / (((5 / 68) + o.Content) * n.Content), 4)

newll.A2.Text = FormatNumber((r.Content * (& / 12) ~ k.Content) / (((5 / 68) + o.Content) ~ n.Content), 4)

newll.A3.Text = FormatNumber((r.Content * (9 / 12) ~ k.Content) / (((5 / 6@) + o.Content) ~ n.Content), 4)

newh.A4. Text = FormatNumber((r.Content * 1 ~ k.Content) / (((5 / 68) + o.Content) ~ n.Content), 4)

newid.AS.Text = FormatNumber{(r.Content * 2 ~ k.Content) / (((5 / 68) + o.Content) ~ n.Content), 4)

newil.A6.Text = FormatNumber((r.Content * 5 ~ k.Content) / (((5 / 68) + o.Content) * n.Content), 4)

newll.A7.Text = FermatNumber((r.Content * 18 ~ k.Content) / (((5 / 6@) + c.Content) ~ n.Content), 4)

newll.AB.Text = FormatNumber((r.Content * 28 ~ k.Content) / ({(5 / 6@) + c.Content) ™ n.Content), 4)

newh.A9.Text = FormatNumber((r.Content * 5@ ~ k.Content) / (((5 / @) + c.Content) "~ n.Content), 4)

newil.A18.Text = FormatNumber((r.Content * 188 * k.Content) / (((5 / 68) + o.Content) * n.Content), 4)

"lemin rainfall

newll.Bl.Text = FormatNumber((r.Content * (3 / 12) ~ k.Content) / (((1® / 6@) + o.Content) ~ n.Content), 4)

newh.B2.Text = FormatNumber((r.Content * (6 / 12) * k.Content) / (((1@ / 6@) + o.Content) " n.Content), 4)

newld.B3.Text = FormatNumber{(r.Content * (9 / 12) ~ k.Content) / (((18 / 68) + o.Content) ~ n.Content), 4)

newil.B4.Text = FormatNumber((r.Content * 1 ~ k.Content) / (((16 / 68) + o.Content) * n.Content), 4)

newll.B5.Text = FermatNumber((r.Content * 2 ~ k.Content) / (((12 / 6@) + c.Content) ~ n.Content), 4)

newll.B6.Text = FormatNumber((r.Content * 5 ~ k.Content) / (((1@ / 6@) + c.Content) ™ n.Content), 4) E
newh.B7.Text = FormatNumber((r.Content * 1@ ~ k.Content) / ({(1@ / 6@) + o.Content) ~ n.Content), 4)

newil.B8.Text = FormatNumber((r.Content * 28 ~ k.Content) / (((1@ / 68) + o.Content) * n.Content), 4)

newll.B9.Text = FormatNumber((r.Content * 58 ~ k.Content) / (((1@ / 6@) + o.Content) ~ n.Content), 4)

newld.B1@.Text = FormatNumber((r.Content * 180 ~ k.Content) / (((12 / 6@) + o.Content) ~ n.Content), 4)

"15min rainfall

newid.C1.Text = FormatNumber{(r.Content * (3 / 12) ~ k.Content) / (((15 / 68) + o.Content) ~ n.Content), 4)

newl.C2.Text = FormatNumber((r.Content * (6 / 12) * k.Content) / (((15 / 68) + o.Content) * n.Content), 4)

newl.C3.Text = FormatNumber((r.Content * (3 / 12} ~ k.Content) / (((15 / 6@) + o.Content) ~ n.Content). 4} T

100 %

Ready

Figure C8

Ln679

Source code (Visual Basic) of RainMap: Calculatiodedign rainfall.
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APPENDIX D

L-momentratio data of 60 selected stations

TableD1. AveragelL-momentratio of PDS and AMS data
23#3(4%6 562% 782 %

T3 (L9;"<)"i= % | 14 (L9>$34:(:20 | T3 (L9;"<)"i= % | 14 (L9>$34:(: 20
((%#!"'+ § )&%0! ("ot +$ )&I%™ (" § )&I+!% & &™), §
0Q)! $ )&%, +)"," 9 V&I +,(%* )&% § )&I%HH#%HY
1"%61))% $ )&%)1%*"* (& )&1%'(1(,"% $ J&IH,(0)% § )&MHHHE" $
*00+))! § )&%0)*((,'#, $ )&!%+1%*+§ &I 8 )&)M()+
') 4§ )&% (")H% %S )&, Vott+)*+ S &I(((M%  §  )&!MH(%%'HYS
(%%)))" & )&%N)+,('% $ )&%+ +#% Y&DHE™)", & &)™, (#%, $
%+ § &Yt H+ 8 )&(1+,%!)"% $ Y&H+HHH &) ()H $
%'1%))+9 )&Y0!¥) Fr+" ¢ )&+ (%ot +*+ )&% NH § &%) $
%,(( ¢ )&%,'+,(*%$ )&+ H++))H S V&IF%+HEHE )&I(FHH(*+ S
%%!+))!9$ )&%,"%, 1 *+#$ )&!"%*))+ 9§ Y& +#"%N)+E  )&((++)*+' %S
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APPENDIX E

IDF curves derived using GEV/AMS and GPA/PDS models
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FigureE1l. IDF curve based on GEV/AM®odel for station 2025001
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FigureE2.  IDF curve based on G¥PDS model for station 2025001
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FigureE3. IDF curve based on GEV/AMBodel for station 2237164
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FigureE4. IDF curve based o6PA/PDS model fostation 2237164
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FigureE5.  IDF curve based on GEV/AM®odel for station 5507076
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FigureE6. IDF curve based o6PA/PDS model for station 5507076
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FigureE7. IDF curve based on GEV/AM®odel for station 5320038
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FigureE8. IDF curve based o6PA/PDS model for station 5320038
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FigureE9. IDF curve based on GEV/AM®odel for station 2321006
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FigureE10. IDF curve based o6PA/PDS model for station 2321006
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FigureE1l. IDF curve based on GEV/AM®odel for station 2719001
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FigureE12. IDF curve based oGPA/PDS model for station 2719001
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FigureE13. IDF curve based on GEV/AMBodel for station 3818054
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FigureE14. IDF curve based oGPA/PDS model for station 3818054
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FigureE15. IDF curve based on GEV/AM®odel for station 3424081
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FigureE16. IDF curve based oGPA/PDS model for station 3424081
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FigureE17. IDF curve based on GEV/AM®odel for station 3924072
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FigureE18. IDF curve based o6PA/PDS model for station 3924072
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FigureE19. IDF curve based on GEV/AMBodel for station 5302001
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FigureE20. IDF curve based o6PA/PDS model for station 5302001
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FigureE21. IDF curve based on GEV/AM®odel for station 4511111

== A?F<+:G
= —="7F<+G
=h—=H?F<+:G
=¢=$?3-*0
=e=06?3-*0
¢ =0—#?3-*0
$"?3-*0
w—0/"?3-*0
e #"23-*0
—0—$""?3-*0

8,-9,.6-9":##;2&< '

="&0-6(,"#6,< '

FigureE22. IDF curve based o8 PA/PDS model for station 4511111
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FigureE23. IDF curve based on GEV/AM®odel for station 4010001
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FigureE24. IDF curve based o6PA/PDS model for station 4010001
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FigureE25. IDF curve based on GEV/AM®odel for station 6603002

== A?F<+:G
=i="?7F<+:G
== H?F<+:G
=>=$73-*0

YRy IIrnry

==9%7?3-*0
& =0=#7?3-*0
$"?3-*0
e 0"?3-*0
e #"?23-%0
=0—=$""?3-*0

8,-9,.6-9":##;2&< '

="&0-6(,"#6,< '

FigureE26. IDF curve based oGPA/PDSmodel for station 6603002
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FigureE27. IDF curve based on GEV/AM®odel for station 3516022
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FigureE28. IDF curve based o6PA/PDS model for station 3516022
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FigureE29. IDF curve based on GEV/AM®odel for station 3411017
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FigureE30. IDF curve based o6PA/PDS model for station 3411017
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FigureE31. IDF curve based on GEV/AM®odel for station 3118102
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FigureE32. IDF curve based o6PA/PDS model for station 3118102
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FigureE33. IDF curve based on GEV/AMBodel for station 813004
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FigureE34. IDF curve based oGPA/PDS model for station 3613004
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FigureE35. IDF curve based on GEV/AM®odel for station 4232002

== A?F<+:G
=i="?7F<+:G
== H?F<+:G
=>=$73-*0
=H=6?3-*0
¢ =0=#73-*0
$"?3-*0
e 0" 23-*0
e #2340
—0—$""?3-*0

8,-9,.6-9":##;2&< '

="&0-6(,"#6,< '

FigureE36. IDF curve based o6PA/PDS model for station 4232002
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FigureE37.
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FigureE38.
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IDF curve based oEV/AMS model for station 3116003
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IDF curve based oGPA/PDS model for station 3116003
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FigureE39. IDF curve based on GEV/AM®odel for station 3217002
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FigureE40. IDF curve based o6PA/PDS model for station 3217002
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