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ABSTRACT 

 

A flood is one of the most serious disasters in Malaysia under the monsoon climate.  

There are two major monsoon seasons, the Southwest (SW), which runs from May to 

September, and the Northeast (NE), which runs from November to March.  In recent 

years, from December 2006 to January 2007, two very significant floods with heavy 

rain hit Peninsular Malaysia, and the Johor River Watershed, where the target 

watershed of this research, was one of the most severely damaged areas.  

Unfortunately, the concrete design flood system has not yet been established in the 

Johor River Watershed.  One comprehensive countermeasure to water-related 

problems that has recently been gaining attraction in Southeast Asian countries is 

Integrated Watershed Management (IWM) on account of its effectiveness for handling 

flood-related problems and its efficiency for controlling water resources.  Thus, this 

research is dedicated to establishing the concrete design flood system considering the 

monsoon climatic characteristics and the impacts of climate change on the Johor River 

Watershed, as a part of IWM for Southeast Asia.   

 

In Chapter 2, an extensive literature review and discussion were provided to grasp the 

flood situations and problems and to reveal the flaws in flood management of 

Southeast Asia.  It was clarified that the lack of concrete flood management systems 

is one of the underlying causes of flooding not only in Malaysia but also in other 

Southeast Asian countries even though flooding is obviously one of the most common 

and serious problems under the monsoon climate.   

 

In Chapter 3, the GIS-based watershed model was constructed using the Hydrologic 

Simulation Program-FORTRAN (HSPF) in the Johor River Watershed after collecting 
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the watershed information.  A parameter optimization algorithm was formulated to 

calibrate and set the parameters for implementing HSPF.  The calibrated HSPF model 

accurately simulated three historical floods, and the model’s performance to simulate 

floods was verified in the watershed.   

 

In Chapter 4, one of the most specific characteristics of the monsoon climate, 

continuous rainy days, was integrated into the hydrological frequency analysis for 

design flood estimation.  Four investigations, including two rainfall characteristics 

surveys, rainfall-runoff simulation, and the hydrological frequency analysis, were 

conducted to determine the most rational rainfall duration in the Johor River Watershed.  

Determination of the most rational rainfall duration for design flood estimation is able 

to provide the reasonable design flood value for the watershed.  Based on the results 

of the four investigations, 5-day rainfall duration was the most rational for design flood 

estimation in the watershed.  Finally, the design flood value, 851.0 m
3
/s, was 

estimated based on the determined design flood criteria, that is, a peak flow of the 

5-day rainfall duration with the 100-year return period. 

 

This research took the impacts of climate change on the watershed into consideration 

for design flood estimation.  As such, Chapter 5 introduced a super-high-resolution 

atmospheric general circulation model (AGCM20) to the Johor River Watershed for 

investigating the future changes in rainfall characteristics.  The amplified 

bipolarization of rainfall amounts between the pluvial and rainless years, more severe 

rainfall events of high rainfall intensity in the NE monsoon season, earlier onset of the 

NE monsoon season, and occurrence of more severe torrential rain were clarified based 

on the analyses using the future AGCM20 outputs.   
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In Chapter 6, the future AGCM20 outputs were used to investigate the future changes 

in extreme rainfall and flood events and to estimate the future-oriented design flood 

value for the Johor River Watershed.  In so doing, a bias-correction method using the 

cumulative distribution function (CDF) was proposed to adjust the biases of the 

extreme rainfall.  The future-oriented design flood value, 992.1 m
3
/s, was estimated 

considering the design flood criteria determined in Chapter 4, based on the 

intensity-duration-frequency (IDF) relationship obtained from the future AGCM20 

outputs.  The return period of this value corresponds to 282.8 years based on the IDF 

relationship obtained from the historical data.  In addition, the return period of 851.0 

m
3
/s, the design flood value estimated based on the historical data in Chapter 4, will 

become 18.5 years in the future.  This means that the current planning scale, i.e., the 

100-year return period that has been commonly used in Malaysia, might not be 

adequate to prevent and/or mitigate the damage of devastating flood caused by climate 

change.  Therefore, this research proposed two ways, which are to use the AGCM20 

(or GCM/RCM) outputs or to extend the current planning scale to a longer return 

period depending on the data availability, to consider the impacts of climate change in 

design flood estimation and to prevent more severe flood disasters caused by climate 

change.  

 

In Chapter 7, the feasible flood management strategies, including structural and 

nonstructural measures that follow the IWM concept, were proposed particularly for 

palm oil plantations and urban areas in the watershed in light of a comprehensive 

consideration of both field surveys and a literature review.  First of all, the integration 

of the piecemeal administrative systems should be handled on the spot for effective 

IWM.  Effective use of the retention and detention ponds, improvement of drainage 

systems, and management of fallen leaves were proposed for palm oil plantations.  
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Conventional (i.e., structural measures) and sustainable (i.e., sustainable urban 

drainage system) approaches were proposed for urban areas, along with nonstructural 

measures that include the preparation of the design flood criteria. 

 

Effective flood management entails fostering the understanding and participation in 

planning among the locals to comply with the IWM principles.  To enhance locals’ 

understanding and promote their participation, it is incumbent upon us, as researchers, 

to evaluate the suggested countermeasures by using engineering techniques and to 

propose the evidence-based flood management plans.  When researchers propose any 

countermeasures, the knowledge, wisdom, and experiences of locals cannot be 

forsaken; locals must be encouraged to participate in all phases.  That is, people’s 

hearts must be essentially respected to successfully implement IWM. 

 

There are still some gaps between hydrologic research and practical application.  

Even if the latest technology is used and its performance is investigated by researchers, 

there are few practical applications and design flood criteria that utilize the modern 

technologies for design flood estimation.  Therefore, this research integrated the gaps 

in rational design flood estimation by demonstrating a certain way to determine the 

practical design flood criteria and estimating the concrete design flood values.  In the 

end, the author hopes this research will become a stepping stone on the way to 

successful IWM in Southeast Asia to secure the lives of next generations.
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CHAPTER 1 

 

INTRODUCTION 

 

Through my research activities at the department of environmental engineering, I have 

learned how beautiful the world is.  The world is unpredictable.  The weather is 

occasionally sunny, occasionally rainy.  That is what makes life exciting, even 

breathtaking.  We must preserve our beautiful world for future generations through 

thick and thin.  As a student of environmental engineering, and a future engineer 

trying to tackle various environmental problems, I hope this research serves as a 

nugget of wisdom for generations to come. 

 

1.1 Research Background 

In Southeast Asian countries, people enjoy eating many tropical fruits, watching 

diverse animals, and trying spicy food under the tropical sun.  A large part of what 

makes the world beautiful can be experienced there.  Southeast Asian countries have 

abundant water resources due to the monsoon climate.  This climate leads to the 

presence of many natural resources in the region.  Recently, however, the situation 

has become more unpredictable, particularly with regard to water resources in a time of 

climate change.  Two elegant quotes from Trenberth (2011) capture how climate 

change endangers Southeast Asian countries. 

 

“It never rains but it pours!” 

“The rich get richer and the poor get poorer.” 
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These quotes imply that the bipolarization of rainfall events, as brought about by 

climate change, will be amplified in Southeast Asian countries.  To put it simply, 

extremely heavy rainfall would occur during the rainy season, and rainless days would 

become more frequent during the dry season.   

 

Rainfall events occasionally lead to flooding, and extreme rainfall events often cause 

devastating floods.  On one hand, flooding has provided significant benefits 

throughout the region’s long history, in the form of groundwater recharge, soil 

fertilization, regional biodiversity, and most notably, the advancement of civilization 

(e.g., the Nile River Watershed in Egypt).  On the other hand, flooding has caused 

disasters with many victims, casualties, and economic loss in Southeast Asian 

countries.  Flood damage has become more difficult to anticipate, prevent, and even 

mitigate because of unpredictable rainfall caused by climate change.  Despite recent 

advances in weather forecasting and warning systems in developed countries, the 

implementation of these systems in Southeast Asian countries has been hindered by 

management-related issues. 

 

This research aims to establish a proper flood management system for ensuring human 

security.  This research aspires to be a pioneering work in the design of flood 

management systems that are comprehensively applicable to Southeast Asian 

countries.   

 

1.1.1 Motivation 

Malaysia is located in the center of Southeast Asia and consists of Peninsular Malaysia 

and Malaysian Borneo Island.  Malaysia’s total area is approximately 330,000 km
2
.  

Malaysia is near the equator.  Therefore, temperature and humidity are relatively high 
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all year.  Moreover, there are two main monsoon seasons, the Southwest (SW), which 

runs from May to September, and the Northeast (NE), which runs from November to 

March.  The period between these monsoons is called the intermonsoon.  In addition, 

various industries, such as fabrication, rubber, and palm oil, thrive on account of the 

abundant water resources.  Hence, land has been developed, with concomitant 

urbanization, at a fast pace over the last few decades.  Almost all Malaysian 

watersheds have been, for better or worse, influenced by these climatic conditions and 

land development since these industries became active.  These same situations have 

also greatly influenced watersheds’ issues.  In particular, a flood is one of the most 

serious disasters in Malaysia because of the monsoon climate and the region’s rapid 

development.  Two major monsoon seasons trigger frequent floods almost every year, 

and rapid changes in land use caused by industrialization, urbanization, and 

deforestation intensify the negative consequences of such climatic disasters (Julien et 

al., 2015). 

 

One comprehensive countermeasure to water-related problems that has recently been 

gaining attraction in Southeast Asian countries is Integrated Watershed Management 

(IWM) on account of its effectiveness for handling flood-related problems and its 

efficiency for controlling water resources and ensuring high-quality water (Nguyen, 

2013; Zeeda et al., 2015).  IWM principles for flood management have already been 

well established in Malaysia (e.g., MSMA, 2000; Department of Irrigation and 

Drainage Malaysia, 2009).  IWM is the basic concept for river basin management.  

The quantity and quality of water in the river depend on climatic situations, natural 

conditions, and human activities in the watershed.  Therefore, the IWM concept for 

the integrated management of rivers and their watersheds is vital to the implementation 

of rational countermeasures.  In addition, it is necessary to carry out appropriate 
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estimation and evaluation using engineering techniques prior to selection and 

implementation of countermeasure.   

 

IWM has six pillars: information, participation, institutions, policies, technology, and 

finance (Nakamura and Rast, 2014).  Successful IWM entails gradual, continuous, 

and holistic improvement of watershed governance, including sustained efforts to 

integrate institutional responsibilities, policy directions, stakeholder participation, 

scientific and traditional knowledge, technological possibilities, and funding prospects 

and constraints (Nakamura and Rast, 2014).  IWM is a sustainable approach for 

achieving watershed management that involves relationships through upstream and 

downstream, lentic and lotic waters, people at large and people specifically operating 

in the watershed (Kondo, 2016). 

 

Thus, this research is dedicated to IWM, namely the establishment of a comprehensive 

design flood procedure in regions under the monsoon climate.  Proposing reasonable 

criteria for flood management techniques as a part of IWM is critical in major river 

basins in Malaysia and other Southeast Asian countries. 

 

1.1.2 Target Watershed -Johor River Watershed-  

The target watershed of this research is the Johor River Watershed in the state of Johor 

(Figure 1.1).  The second largest state, Johor has an area of 20,000 km
2
 and is in 

southern Peninsular Malaysia (Osada, 2015).  Table 1.1 summarizes the watershed’s 

geophysical characteristics (UNESCO, 1997).  The Johor River originates in Mt.  

Gemuruh, and its main stream length is 122.7 km.  Figure 1.2 shows the watershed’s 

population distribution.  Based on population data, namely the LandScan 2012 global 

population database (East View Information Services, 2012) obtained using a 
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geographic information system (GIS) with grid interval of 30 arc-secs, the total 

population in the Johor River Watershed was approximately 151,000 in 2012.  Kota 

Tinggi is the major city in the Johor River Watershed; this city is located in the lower 

basin of the main stream.  The watershed’s main tributaries are Sayong, Linggui, 

Semangar, Tiram, Layang, and Lebam.   

 

The Johor River Watershed plays an important role in water supply not only for the 

state of Johor but also for Singapore.  Linggui Dam, which provides the water supply 

for Singapore, is located in the Linggui tributary’s upper stream.  The upper part of 

the basin on the north side is mainly occupied by forest, while the lower part of the 

basin is mainly occupied by farmlands of palm oil and rubber plantations.  Although 

these plantations are a key part of Malaysian industry, they have negatively affected 

watershed hydrology, leading to decreased runoff time that can trigger severe flood 

conditions downstream (Yusop et al., 2007; Adnan and Atkinson, 2011).   

 

 

Figure 1.1 Johor River Watershed 
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Table 1.1 Basic information of the Johor River Watershed 

 

 

 

Figure 1.2 Population distribution in the Johor River Watershed 

 

1.1.3 Problem Statements  

In recent years, from December 2006 to January 2007, two very significant floods with 

heavy rain hit Peninsular Malaysia.  The Johor River Watershed was one of the most 

severely damaged areas.  These flood events occurred during the NE monsoon season, 

and rainfall amounts during these two events were greater than 400 mm, which 

exceeds the monthly average value of 200 mm (Department of Irrigation and Drainage 

Malaysia, 2009; Razi et al., 2010).  The reported cost of repairing roads and bridges 

Main stream length  122.7 km

Origin  Mt. Gemuruh

Main tributaries  Sayong, Linggui, Semangar, Tiram, Layang, Lebam

Main reservoir  Linggui Dam

Mean annual precipitation  2,470 mm (basin average)

Main city  Kota Tinggi
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was about 147 million RM (43.6 million USD).  In addition, the estimated cost of 

replacing hydraulic structures was about 260 million RM (77 million USD) in the 

Johor district alone (Shafie, 2009).  In fact, these two flood events in the Johor River 

Watershed during December 2006 and January 2007 are representative of flooding in 

Peninsular Malaysia.  One of the defining characteristics of Malaysian watersheds is 

continuous rainy days during monsoon season (Suhaila and Jemain, 2007; Abdullah, 

2013, Muhammad, 2013; Muhammad et al., 2015; Muhammad and Julien, 2015).  

Multiday rainfall events are very common during the monsoon season in the Johor 

River Watershed, and it is well known that flooding is an unavoidable natural 

phenomenon given such a rainfall characteristic (Chan, 1995).  Furthermore, once 

flooding occurs, it lasts for a week or longer (Julien et al, 2015; Abdullah et al., 2016).  

To determine the design flood values, a hydrological frequency analysis is already well 

established in the hydrological engineering field.  However, a concrete design flood 

system that considers the monsoon region’s unique climatic characteristics, along with 

the impact of climate change on the region, is needed for the Johor River Watershed. 

 

Unfortunately, the concrete design flood system has not yet been established in the 

Johor River Watershed, as demonstrated by the author’s comprehensive review of 

existing scientific literature.  With the changes brought about by global warming, 

rainfall events, specifically rainfall patterns and heavy rain frequency, will become 

more consequential.  Moreover, the damage of floods and sediment disasters caused 

by floods will become more intense.  Thus, it is necessary to accurately predict river 

conditions and effectively mitigate flood damage by implementing efficient flood 

management measures under the concrete design flood system in the Johor River 

Watershed based on IWM. 
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1.2 Research Objectives 

When the typical procedures of the hydrological frequency analysis are carried out for 

design flood estimation, a comprehensive understanding and consideration of the target 

regions should be followed by an application of the concept in practical designs.  In 

addition, climate change is a concern for researchers such as meteorologists and 

hydrologists as well as local planners and administrators.  Therefore, the purpose of 

this research is to establish the concrete design flood system considering monsoon 

climatic characteristics and the effects of climate change on the Johor River Watershed.  

The specific objectives of this research and the corresponding chapter are as follows: 

 

1. To construct the GIS-based integrated watershed model using the Hydrologic 

Simulation Program-FORTRAN (HSPF) (Chapter 3) 

2. To simulate past floods using HSPF (Chapter 3) 

3. To determine the most rational rainfall duration for reasonable design flood 

criteria using the hydrological frequency analysis (Chapter 4)  

4. To provide a design flood value considering the most rational rainfall duration 

for monsoon climate (Chapter 4) 

5. To investigate future changes in rainfall characteristics using a 

super-high-resolution atmospheric general circulation model (AGCM20) 

(Chapter 5) 

6. To investigate future changes in extreme rainfall and flood events using runoff 

simulations based on future rainfall data (Chapter 6) 

7. To estimate a future-oriented design flood value (Chapter 6) 

8. To propose feasible flood management plans (Chapter 7) 

 

In each chapter, more detailed objectives are described and elaborated upon. 
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1.3 Approach and Scope 

This research is dedicated to establishing the design flood system in Malaysia and 

carried it out on the Johor River Watershed as a test bed.  Therefore, the methodology 

and procedures should be carefully considered to generalize them for the whole river 

watershed in Malaysia and even for other watersheds in the monsoon regions with 

similar climatic characteristics. 

 

In this research, a unique monsoon climatic characteristic, continuous rainy days, is 

incorporated into the hydrological frequency analysis and runoff simulation to estimate 

the design flood value for the Johor River Watershed.  Although the impacts of 

climate change on the watershed are considered using AGCM20, other important 

factors that affect the hydrological processes in the watershed, such as land 

development and urbanization, are not accounted for in this research.  In addition, 

although the HSPF model can be used to propose certain countermeasures for flood 

mitigation and prevention by estimating and evaluating several scenarios using runoff 

simulations, that is not the focus of this research.  Instead, certain design flood values 

for flood management are estimated based on the hydrological analyses as the first step.  

Then, flood management strategies are proposed based on field surveys and a literature 

review.  Although looking at the real conditions to reveal the watershed’s underlying 

issues is the most important step to developing effective flood management, real 

conditions are often neglected by hydrologists.  Therefore, the effective flood 

management proposed herein stems from observed (real) issues, and the evaluation of 

proposed flood management plans in future research should entail scenario simulations 

using the HSPF model. 
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1.4 Dissertation Outline 

This dissertation investigates the procedures needed to construct the design flood 

system in one of the major river watersheds of Malaysia, the Johor River Watershed, as 

a part of IWM for Southeast Asia.  Figure 1.3 shows a breakdown of this dissertation.  

The research background and specific objectives have already been mentioned above 

in this chapter.  The rest of the dissertation is organized as follows: 

 

 

Figure 1.3 Breakdown and logical flow of this dissertation 

 

In Chapter 2, a literature review and discussion are provided to properly dissect 

Southeast Asia’s environmental situations and problems.  At first, flood situations are 

summarized to determine the existing causes and problems of the Maritime Continent 

(Southeast Asia).  From there, specific climate and weather conditions in and around 

Malaysia are stated to understand monsoon climatic characteristics.  Then, the 
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impacts of climate change on Malaysia are summarized, as well as the use of global 

circulation models (GCMs).  Next, typical design flood methods are presented to 

assimilate the basic methodology that serves as a key determinant in design flood 

estimation in monsoon regions.  Finally, challenges in the design flood system for 

Malaysia are discussed in order to illustrate gaps between hydrological analysis and 

practical application for the region. 

 

The Johor River Watershed is modeled in Chapter 3 using the GIS-based integrated 

watershed model, HSPF.  Hydrological components, parameters, and their 

optimization methods are summarized in addition to the primary segments of HSPF.  

Characteristics of the Johor River Watershed are then analyzed using watershed 

information collected to set up the HSPF model.  The model’s performance with 

regard to runoff simulations is verified by reproducing past floods in the Johor River 

Watershed. 

 

In Chapter 4, methodologies, including rainfall duration design and hydrological 

frequency analysis, are used to estimate a design flood value.  Four steps of 

investigation are conducted to determine the most rational rainfall duration for design 

flood estimation in the monsoon region.  Based on the rainfall duration determined, 

the design flood value is provided for the Johor River Watershed. 

 

A super-high-resolution atmospheric general circulation model, AGCM20, is 

introduced to the Johor River Watershed in Chapter 5.  The rainfall data obtained 

from AGCM20 are validated for the hydrological analysis to consider the future 

impacts of climate change.  Validation of the AGCM20 outputs is conducted by 

comparison to the observed data in the Johor River Watershed.  In addition, future 
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rainfall changes are investigated using the AGCM20 outputs of the Johor River 

Watershed after the bias correction. 

 

In Chapter 6, the AGCM20 outputs, which are validated in Chapter 5, are utilized for a 

hydrological frequency analysis and runoff simulations to investigate future changes in 

extreme events.  The bias-correction method, which focuses on adjusting the extreme 

rainfall estimated from the hydrological frequency analysis, is proposed and applied to 

the AGCM20 outputs.  Future changes in peak flow are simulated by inputting future 

rainfall data to HSPF.  With these data, a design flood value that accounts for the 

impacts of climate change on the Johor River Watershed is estimated, along with some 

suggestions for evolving design flood estimation in the future. 

 

In Chapter 7, the feasible flood management in the Johor River Watershed is proposed 

in light of a comprehensive consideration of both field surveys and a literature review.  

The observed conditions and underlying issues in the watershed are revealed by the 

field surveys, and flood management approaches that follow an IWM approach are 

proposed based on the literature considering the determined watershed conditions. 

 

Finally, Chapter 8 presents conclusions, contributions, and future avenues of research.
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CHAPTER 2 

 

LITERATURE REVIEW 

 

Shaluf and Ahmadun (2006) pointed out that the occurrence of disasters caused by 

various hazards is the highest in Asia and the Pacific.  In particular, floods make up 

40% of all natural hazards affecting these regions.  In Asia, more than 83% of the total 

reported disasters in last decade were caused by floods.  This chapter mainly focuses 

on environmental situations in Malaysia.  However, the situations in other Southeast 

Asian countries are also summarized for further application in the future because this 

research aims to construct an integrated flood management system, which is applicable 

not only to Malaysia but also to other Southeast Asian countries that have the same 

monsoon climatic characteristics.  The main objectives of this chapter are (1) to grasp 

the environmental situations and problems related to floods in Southeast Asia, (2) to 

review researches that are related to flood and climate situations in Malaysia, and (3) to 

reveal gaps among these researches and practical applications for flood management in 

Malaysia. 

 

2.1 Flood Situations in the Maritime Continent of Southeast Asia 

Some regions located in a warm ocean region called the Tropical Warm Pool in the 

Southeast Asia comprise the Maritime Continent (Figure 2.1).  The Maritime 

Continent mainly includes Western Pacific and some Southeast Asian countries, such as 

Indonesia, the Philippines, Singapore, and Malaysia.  These countries have similar 

climatic and weather conditions and frequently suffer from flood and/or drought.  

Specifically, the Maritime Continent has been known as an area in which droughts often 

occur during El Niño years and floods often occur during La Niña years.  In the 
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Maritime Continent, deep cumulus convection and heavy precipitation systems play a 

major role in the climatic and weather conditions (Chang et al., 2005).   

 

In this section, historic and recent situations of floods in Southeast Asian countries 

located in the Maritime Continent are discussed to better understand the realities and 

challenges of the flood management system.  Understanding these situations would be 

helpful for constructing a concrete flood management system, which is applicable not 

only to Malaysia but also to other Southeast Asian countries. 

 

 

Figure 2.1 Maritime Continent in Southeast Asia 

 

2.1.1 Malaysia 

Shaluf and Ahmadun (2006) reviewed the types of historic disasters in Malaysia.  The 

disasters were classified into three types: natural disasters (e.g., tropical storm, flood, 

and landslide), man-made disasters (e.g., fire and explosion), and subsequent disasters 

(e.g., haze and forest fire).  According to their review, Malaysia has experienced 39 

disasters from 1968 to 2004, and natural disasters comprised 49% of all disasters.  
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Most of the natural disasters resulted from heavy rains, which caused landslides, 

mudslides, and floods. 

 

According to the Department of Irrigation and Drainage Malaysia (DID, 2009), there 

are 189 river systems (89 in Peninsular Malaysia, 78 in Sabah, and 22 in Sarawak) 

flowing directly to the sea, and 85 of those are prone to flood.  Actually, floods are 

caused by combinations of natural and human factors.  Natural factors, such as heavy 

monsoon rainfall and intense convection rainstorms, have become common features in 

Malaysia.  In particular, heavy rains that tend to occur in the two major monsoon 

seasons, the Southwest (SW) monsoon (from May to September) and the Northeast 

(NE) monsoon (from November to March), have critical influence on floods (Chan, 

1995). 

 

According to Chan (1997), floods in Malaysia can be differentiated between “normal” 

and “major” flood events.  Normal floods are regarded as seasonal floods occurring 

almost every year in the NE monsoon season, particularly on the east coast.  People 

living in the region have adapted well to the normal floods by constructing stilt houses 

so that water does not exceed the height of a floor.  However, the monsoon rains also 

cause major floods, which are regarded as “unusual” or “extreme” events that are 

difficult to deal with.  Northeasterly winds during the NE monsoon season sometimes 

bring heavy rains and cause devastating floods, particularly on the east coast of 

Peninsular Malaysia.  On the other hand, southwesterly winds during the SW monsoon 

season bring short-lived squalls called “sumatras,” which sometimes cause flash floods 

on the west coast, including the capital area, but the flood events do not last so long. 
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Meanwhile, rapid land-use changes, such as urbanization and deforestation in the region, 

are regarded as human factors that intensify floods (Billa et al., 2004).  Recently, for 

example, rapid urbanization and urban sprawl have occurred in big cities such as Kuala 

Lumpur and Johor Bahru (Majid and Yahya, 2010, 2011).  In addition, most of the 

Malaysian watersheds mainly are occupied by forests in the upper stream, while the 

lower part of the basin is occupied mainly by farmlands for palm oil and rubber 

plantations.  Although these plantations play crucial roles for industries in Malaysia, 

the farmlands have had negative effects on the watershed hydrology, with decreased 

runoff time that can trigger severe floods downstream, where the cities are located 

(Yusop et al., 2007; Adnan and Atkinson, 2011). 

 

Poor river management and ineffective flood control regulations also exacerbate floods 

in Malaysia (Chan, 1997).  Although the DID is the acknowledged authority on flood 

control, it has no legislative powers when it comes to making decisions regarding the 

development of rivers or land adjacent to rivers.  Even though the situations and 

reasons for floods in Malaysia are obvious, some local people believe that the natural 

disasters are beyond the human control, because natural disasters are referred to as 

“Acts of God.” The impacts of floods, however, can be reduced by setting up precise 

monitoring systems and conducting effective flood management in Malaysia. 

 

2.1.2 Singapore 

Singapore is located near the Johor River Watershed, which is the target area of this 

research.  Therefore, Singapore’s climatic conditions are similar to the Johor River 

Watershed’s.  Although flooding is a concern in Singapore, its situations are different 

from those of the Johor River Watershed.  In Singapore, flash flooding has become a 

serious problem because the country has been urbanized rapidly since the 1970s. 
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Check (1997) and the Public Utility Board (PUB), Singapore’s national water agency 

(2013a, 2013b, 2013c) mentioned the historic flood situations and summarized flood 

alleviation and prevention strategies in Singapore.  In the 1960s and 1970s, in the two 

monsoon seasons, Singapore experienced widespread flooding, particularly in the city 

center, which was built on relatively low-lying land.  Singapore is subject to heavy 

tropical rainstorms, particularly in the NE monsoon season.  On the other hand, the 

country also suffers from squalls known as “Sumatras” in the SW monsoon season, 

similarly to the west coast of Malaysia.  In addition, rapid urbanization in the 1970s 

and 1980s triggered drastic transformations of the hydrological characteristics of the 

drainage catchments, and flash flooding has become one of the most serious problems 

in Singapore.  Therefore, the country has adopted and developed flood control 

strategies, such as the Drainage Master Plan and the Drainage Development Programs, 

for years to mitigate and prevent flash floods.   

 

Although the drainage planning and controlling strategies in Singapore have been 

successful in keeping the flood situation under control, massive floods caused by heavy 

rainfall events have still occurred in Singapore [e.g., Vaid (2013) reported the rainfall 

event that occurred in 2010].  Nowadays, prolonged floods do not occur as often 

because drains have enough capacity to cope with the amount of rainfall during the 

events.  However, small and localized floods, which lead to flash flooding, sometimes 

occur when extreme rainfall hits the country.  Therefore, the PUB, Singapore’s 

national water agency, provides information about water levels and recent flash floods 

on its website regularly and continuously (http://www.pub.gov.sg/Pages/default.aspx). 
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2.1.3 Indonesia 

There are some geographical situations that influence Indonesia’s susceptibility to many 

types of natural hazards and disasters.  Indonesia is located within the collision zone of 

three huge tectonic plates (Eurasian, India-Australian, and Pacific), between two oceans 

(Pacific and Indian), and between two big continents (Australia and Asia).  Because of 

those colliding plates, the country is tectonically and volcanically active.  Because of 

the effects of Indonesia’s location between two oceans and two big continents, the 

country rests in the tropical rainforest climate.  Therefore, natural hazards such as 

flooding, coastal inundation, land subsidence, volcanic eruption, earthquakes, tsunamis, 

and landslides are common in Indonesia (Lavigne et al., 2007; Sutinko, 2007; Marfai et 

al., 2008).    

 

Indonesia is the third most vulnerable country to floods in Asia (Dewi, 2007).  Large 

waterfront cities (e.g., Jakarta, Semarang, and Surabaya) are particularly susceptible and 

vulnerable to flooding, and these cities face three different types of floods (Marfai and 

King, 2008).  One type is local flood inundation, which is caused by inadequate 

numbers and capacities of drainage systems.  Another is seawater tide flooding, which 

occurs when the sea level rises to a critical height above the coastal lands due to tidal 

elevation.  The last one is river flooding, which is caused by heavy rain in the rainy 

season (from December to March).  River flooding is one of the most frequent 

phenomena. It occurs almost every year in Indonesia’s rainy season (Marfai et al., 2008; 

Hidayat, 2009).  The drastic land-use changes; such as converting forest areas to 

intensive agricultural land or to urban areas, and the deforestation of mountains; have 

changed the hydrologic cycle and caused increasing runoff into watersheds (Texier, 

2008).  In addition, large quantities of sediment in the rivers, produced by watershed 

erosion caused by the heavy rains, result in river regime problems, such as river-mouth 
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clogging.   

 

Marfai et al. (2008) revealed important factors on the interaction between people and 

flooding in the country.  Since coastal communities have been experiencing floods, 

people have adapted well to flooding, using structural measures such as increasing floor 

levels, making small dams in front of houses, increasing yard and street levels in the 

neighborhoods, and creating dykes around residential areas.  However, the government 

regimes and monitoring systems to deal with the floods still have been relied on heavily 

by local stakeholders. 

 

2.1.4 Philippines 

In the Philippines, typhoons bring heavy rain and cause floods in the rainy season (from 

May to October).  Additionally, anthropogenic factors, such as clogged canals, illegal 

settlements, and poor urban planning, aggravate the damage caused by floods.  Lack of 

human preparedness is also a significant factor when a typhoon hits the country, because 

warning or monitoring systems do not exist in the Philippines (Abon et al., 2011).  It is 

important to collect hydrologic data to establish these kinds of effective systems.  

However, these data are difficult to obtain in the Philippines, even in the capital (Metro 

Manila) because of the absence of monitoring systems and facilities.  Thus, several 

studies have been conducted to overcome these problems.  For example, Abon et al. 

(2011) and Catane et al. (2012) interviewed local residents to ask about the time of peak 

flood, the estimated maximum height, and the rate of flood-water increase; because 

there were no river gauging data for rainfall-runoff simulations.  Although their 

models successfully simulated several flooding situations, a monitoring system is still 

required to collect more accurate hydrologic data and to improve the accuracy of the 

hydrologic model. 
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As mentioned above, the Philippines is a flood-prone country because of typhoons.  

An average of 19 to 20 tropical cyclones enter the Philippine Area of Responsibility 

annually, with 8 to 9 making landfall (Catane et al., 2012), and these typhoons usually 

cause landslides and floods (Yumul et al., 2012).  Additionally, these landslides’ debris 

form a dam that can block the river channel, which exacerbates floods.  Much 

information about typhoons in the Philippines, including associated flash-flood and 

landslide events, is available on the website of the Philippine Atmospheric, Geophysical 

and Astronomical Services Administration (PAGASA https://kidlat.pagasa.dost.gov.ph/) 

and Typhoon2000.com (http://www.typhoon2000.ph/index.shtml). 

 

In the Philippines, so-called Systems, such as a monitoring system, warning system, and 

sometimes education system, are still required to understand river conditions and 

conduct/improve studies and investigations.  Lacking information sometimes causes 

floods, which affect many people, and the lack of studies resulting from the lack of 

information exacerbates the disasters.    

 

2.2 Climate and Weather Conditions around Malaysia 

As mentioned in 2.1, the countries located in the Maritime Continent have suffered 

frequently from severe floods caused by heavy rains.  Even though the type of flood 

varies depending on each country’s climatic situations and location, these countries 

have one common climatic characteristic: the monsoon climate.  Since the monsoon 

climate is also dominant in Malaysia and plays an important role in the country’s 

environmental situations, this subsection summarizes the monsoon climate and possible 

factors that cause these climatic situations. 
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2.2.1 Northeast and Southwest Monsoons 

The seasonal cycle of solar heating and difference in thermal inertias of land and ocean 

that make a land-sea temperature difference cause a seasonal reversal of prevailing 

surface winds, which is defined as the monsoon (Webster et al., 1998; Wang and LinHo, 

2002; Kitoh et al., 2013).  The Asian monsoon is composed of the following three 

interlinked components: the South Asian, East Asian, and Southeast Asian monsoons 

(Lau and Yang, 1997).  The onset of the Southeast Asian monsoon affects the entire 

Asian monsoon region and occurs around mid-May, signaling the earliest stage of the 

entire Asian summer monsoon system.  During May, the rainfall in the Asian monsoon 

region reaches its maximum over the Indo-China peninsula, the southern Bay of Bengal, 

and Borneo.  The convective zone shifts northward along the land bridge of 

Indo-China and Peninsular Malaysia with heavy monsoon rain. 

 

Since wind brings rain to Peninsular Malaysia, it is important to understand the 

surrounding wind circulation.  Camerlengo and Demmler (1997) developed a model to 

simulate wind circulation to understand that of the eastern shelf of Peninsular Malaysia.  

Simulated results were compared with observation records during the two monsoon 

seasons (i.e., the Northeast [NE] and the Southwest [SW] monsoons).  During the NE 

monsoon season, the air mass over Asia is cooler than in neighboring areas.  This 

implies an enhanced high-pressure system.  On the other hand, the air mass over 

Australia is warmer than in neighboring areas.  This implies an enhanced low-pressure 

system.  The difference between these two pressure systems causes a northeasterly 

wind over the South China Sea during the NE monsoon season, and this wind is known 

as the NE monsoon wind.  The SW monsoon season has opposite pressure systems, 

and these systems strengthen a southwesterly wind during the SW monsoon season.  

Heavy rains in two monsoon seasons usually are associated with the winds caused by 
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these different pressure systems. 

 

2.2.2 Climatic Conditions 

Heavy rain/flood events often bring disasters to Malaysia.  Thus, a better 

understanding on the formation mechanisms of the Malaysian rainfall centers is 

important in order to improve predictions of these events.  Therefore, Yen and 

Matsumoto (2013) identified weather systems that produce rainfall events, such as 

easterly waves (EWs), tropical cyclones (TCs), cold surge vortices (CSVs), and heavy 

rainfall/flood (HRF) events, over tropical Southeast Asia, particularly during the NE 

monsoon season.  Tangang et al. (2008) compiled and summarized researches related 

to climatic situations that cause devastating floods in Peninsular Malaysia.  Floods in 

Peninsular Malaysia are relatively common during the NE monsoon season, especially 

in northeastern regions, but the floods that occurred in 2006/2007 were considered 

unusual cases, since the 2006/2007 floods were concentrated in the southern region of 

the peninsular, especially in the Johor district.  There were three episodes of heavy 

rainfall events during the 2006/2007 floods, and these rainfall episodes were associated 

with four dominant climatic conditions: the Northeast Cold Surge, the Borneo Vortex, 

the Madden-Julien Oscillation (MJO), and the Indian Ocean Dipole (IOD) surrounding 

the Maritime Continent.  In addition, Tangang and Juneng, (2004) investigated the 

behavior of the anomalous rainfall in Malaysia in relation to the El Niño-Southern 

Oscillation (ENSO). 

 

Figure 2.2 shows the climatic conditions surrounding Malaysia.  In this subsection, the 

roles of five main climatic conditions and their impacts on heavy rain and flood events 

during the NE monsoon season are summarized. 
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Figure 2.2 Climatic conditions surrounding Malaysia 

 

2.2.2.1 Northeast Cold Surge 

Stronger northeasterly winds from the South China Sea, strengthened by the Northeast 

Cold Surge, bring heavy rain to Peninsular Malaysia.  Because of a straight trajectory 

of the Northeast Cold Surge, southern Peninsular Malaysia and Sumatra are affected 

directly by heavy rain brought by these northeasterly winds.  In addition, there are 

strong easterly winds from the western Pacific during that time, which strengthen the 

northeasterly winds and eventually lead to extremely heavy rain over the region 

(Tangang et al., 2008).  On the synoptic scale in the South China Sea, northeasterly 

cold surges are dominant and extend over the South China Sea.  Northeasterly winds 

caused by the cold surges bring heavy rain over the Maritime Continent (Chang et al., 

2005).  Yen and Matsumoto (2013) concluded that the major weather systems that 

produce the rainfall centers in Peninsular Malaysia and west Borneo are the cold surges.  

Although the CSVs bring rain to both regions and evolve into heavy rainfall/flood 

events, the formation mechanisms of the rainfall centers in Peninsular Malaysia and 

west Borneo are totally different.  The rainfall center in Peninsular Malaysia is formed 
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by the weather systems propagating from two remote genesis regions: the vicinities of 

the Philippines and west Borneo.  The weather systems are the result of the interaction 

of EWs with the East Asian cold surge.  The Borneo rainfall center, however, is formed 

by in situ weather systems. 

 

2.2.2.2 Borneo Vortex 

The northeasterly cold surge usually interacts with the synoptic scale disturbance known 

as the Borneo Vortex.  Wind in the Borneo Vortex has a counter-clockwise trajectory, 

and the vortex turns the trajectory of the Northeast Cold Surge.  Although this 

circulation of the Borneo Vortex intercepts the moisture transported by the Northeast 

Cold Surge, it is absent at times (Tangang et al., 2008).  Therefore, the circulation and 

life cycle of the Borneo Vortex play important roles in convection throughout the South 

China Sea, because the Borneo Vortex experiences several interactions with the cold 

surges.  There are significant differences of deep convection between no-vortex and 

vortex days, and the presence of the Borneo Vortex has great impacts on deep 

convection and the northeasterly monsoon flow.  The Borneo Vortex intercepts the 

northeasterly cold surges and transported moisture.  When the Borneo Vortex is absent, 

deep convection over Peninsular Malaysia and Sumatra is increased because of the lack 

of counter-clockwise wind movement, which is normally caused by the Borneo Vortex 

(Chang et al., 2005). 

 

Juneng et al. (2007) conducted a practical investigation that focused on the actual 

rainstorm-affected eastern coast of Peninsular Malaysia, which occurred December 9–

11, 2004.  They carried out a numerical study on an extreme rainfall event associated 

with a westward-drifting Borneo Vortex.  They indicated that northeasterly winds 

caused by the cold surges affected the rainstorm on the eastern coast, and the drifting 
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center of the Borneo vortex enhanced the impacts of the rainstorm in the southeastern 

region of Peninsular Malaysia.  Their results showed the westward shift of the center 

of the Borneo vortex during the event and the heavy rainfall determined by strong 

localized deep convection. 

 

2.2.2.3 Madden-Julien Oscillation (MJO) 

The formation of the Borneo Vortex is inhibited by the strong easterly winds around 

Java, and the MJO is related to the existence of these strong easterly winds.  Basically, 

the large-scale circulations over the Indian Ocean and Maritime Continent are 

influenced by the MJO (Tangang et al., 2008).  Chang et al. (2005) mentioned the 

relationship between the cold surges and the MJO and indicated that the frequency of 

cold surges and vortex days is reduced during periods when the MJO is present. 

 

Salahuddin and Curtis (2011) focused on the role of the MJO over the Maritime 

Continent and investigated the interrelationships between rainfall variability over 

Malaysia and wind variability over the ocean.  The presence of the MJO inhibits the 

Northeast Cold Surge and the Borneo Vortex and can cause extreme weather over the 

Maritime Continent.  When MJO convection is located in the eastern Indian Ocean 

during the NE monsoon season, strong easterly winds in the South China Sea occur.  In 

addition, these winds enhance the NE monsoon winds, which already existed because of 

the northeasterly cold surges and Borneo Vortex.  The presence of the MJO convection 

over the eastern Indian Ocean causes an increase in rainfall extremes over Malaysia and 

exacerbates monsoonal rains and extreme events.  Thus, the MJO affects the weather 

and climate, in particular the rainfall and wind patterns, in Malaysia and its surrounding 

areas. 

 



26 

 

2.2.2.4 Indian Ocean Dipole (IOD) 

The abrupt termination of the IOD influences extreme rainfall events over the Maritime 

Continent.  Actually, the sudden termination of the IOD is a favorable condition that 

enhances the Northeast Cold Surge.  For example, extreme rainfall events in 

2006/2007 were due to stronger northeasterly winds from the South China Sea caused 

by the sudden termination of the IOD.  Those northeasterly winds interacted with the 

absence of the Borneo Vortex, the MJO, and the IOD, and these situations were strongly 

associated with one another (Vinayachandran et al., 2007; Tangang et al., 2008). 

 

2.2.2.5 El Niño-Southern Oscillation (ENSO) 

The behavior of the anomalous rainfall in the Maritime Continent, including Malaysia, 

in relation to the ENSO and local air–sea influences was investigated by Tangang and 

Juneng (2004), Juneng and Tangang (2005), and Chang et al. (2004).  The ENSO 

causes the anomalous cross-equatorial flow, and it affects the monsoon rainfall over 

Sumatra and Peninsular Malaysia.  Therefore, Chang et al. (2004) mentioned that a 

variation of the cross-equatorial flow may also contribute to the rainfall anomalies in the 

Maritime Continent.  The northward migration of ENSO-related coherence continues, 

and during the NE monsoon period, the convective anomaly resides in Malaysia.   

 

2.2.3 Rainfall Characteristics 

In this subsection, the historical characteristics of rainfall and its extremes are 

summarized in order to understand the weather conditions in Malaysia because 

understanding of the history will be a certain guide to the future. 
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2.2.3.1 Rainfall 

There are many indices that help researchers understand the trend of rainfall, and they 

have been comprehensively investigated.  The rainfall indices, seasonal average 

rainfall, monthly average rainfall, daily rainfall intensity, and the number of rainy days 

have been mainly examined by many studies.  The definition of rainy day still depends 

on the method of research or the researcher.  Therefore, the definition will be 

investigated and discussed in Chapter 3. 

 

Manton et al. (2001) initiated the trend analysis of rainfall from 1961 to 1998 over 

Southeast Asia and the South Pacific.  Ninety-one rain gauge stations from 15 

countries were selected for the analysis.  There was a significant decrease in rainy days 

(i.e., more than 2 mm/day) at all stations, but there were no other significant trends in 

the other indices.  After that, however, Endo et al. (2009) investigated the trends of 

rainfall from 1950 to 2000 by using daily rainfall data in Southeast Asia.  The 

definition of rainy day in their study was a day that had at least 1 mm of rainfall.  

According to the results, the number of rainy days tended to decrease over Southeast 

Asian countries, but a significant increase of average precipitation from rainy days in 

Malaysia was confirmed.  These results implied that rainfall intensity had increased in 

Malaysia recently.  Varikoden et al. (2010) investigated the spatial distribution of daily 

rainfall, diurnal variation, intensity distribution of rainfall, and their contribution to 

seasonal rainfall in Peninsular Malaysia.  The rainfall characteristics in Peninsular 

Malaysia are highly dependent on the region and season.  The seasonal rainfall 

characteristic showed that high rainfall occurs during the NE monsoon season and early 

NE monsoon season (from October to January).  During the NE monsoon season, 

southern coastal regions in particular, including Johor state, received high-intensity 

rainfall.   
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2.2.3.2 Rainfall Extremes 

The characteristics of rainfall extremes, which may cause floods and/or drought at the 

regional scale, also have been investigated by many researches.  Since the Southeast 

Asian countries have high coastal-population densities, these regions are highly 

vulnerable to climate change.  This dissertation basically focuses on the high rainfall 

extremes that are the primary factors causing devastating flood disasters in Malaysia.  

Therefore, hereafter, several studies related to high rainfall extremes are summarized.   

 

Suhaila et al. (2010) investigated the spatial patterns and trends of daily rainfall in 

Peninsular Malaysia based on five rainfall indices: total amount of rainfall, frequency of 

wet days, rainfall intensity, extreme rainfall frequency, and extreme rainfall intensity 

from 1975 to 2004 over Peninsular Malaysia.  The SW monsoon season has strong 

impacts on the western part of the peninsula in all five indices, and the NE monsoon 

season has strong impacts on the eastern part of the peninsula in terms of the total 

amount of rainfall.  Deni et al. (2009a) and Zin et al. (2010) investigated the similar 

indices using longer periods of rainfall data, and the same trends were confirmed, 

depending on the SW or the NE monsoon seasons.  In particular, the highest rainfall 

extreme intensities and the highest number of wet days during the NE monsoon season 

were confirmed in the eastern region of the peninsula compared to the western region.  

Varikoden et al. (2011) also confirmed by using 3-hour rainfall data that the high and 

very high rainfall intensity classes, which may cause floods, were observed especially in 

the eastern coastal belt during the NE monsoon season.  Villafuerte and Matsumoto 

(2015) also mentioned that Peninsular Malaysia experienced the most of its annual 

maximum daily rainfall, which is associated with flood-causing cold surges and 

tropical-depression-type disturbances, in the NE monsoon season.  This simply means 

that the possibility of flooding is high during the NE monsoon season in the east coastal 
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area.  Mohtar et al. (2014) investigated the trends of daily rainfall by comparing the 

data between the period during 1970–1972 and 2010–2012 in the northern region 

(Perlis) and southern region (Johor Bahru).  The descriptive statistics that they 

compared were mean, standard error of mean, median, standard deviation, variance, 

range and minimum and maximum rainfall at each station.  The comparison of these 

periods showed that 2010–2012 received heavier rains than 1970–1972 for both 

rain-gauge stations.  Statistically significant increasing trends of annual and seasonal 

maximum daily rainfall were affirmed by Villafuerte and Matsumoto (2015).  A higher 

likelihood of extreme rainfall was also confirmed in Malaysia when the global 

temperature anomaly became warmer.    

 

2.3 Climate Change Impacts 

Impact assessments regarding climate change on all of Southeast Asia were conducted 

by several researches (e.g., Yusof and Francisco, 2009; Hirabayashi et al., 2013).  

These studies found that some regions (e.g., all of the regions in the Philippines, almost 

all of the regions in Cambodia, the Bangkok region of Thailand, etc.) were incredibly 

vulnerable to climate change.  A large increase in flood frequency is expected in 

Southeast Asia because of a warmer climate in the future.  Based on these researches 

targeting all of Southeast Asia, the impacts of climate change, particularly on extreme 

events in Malaysia, are likely to become more serious in the future.  Several researches 

related to impacts of climate change on Malaysia are briefly reviewed below.   

 

2.3.1 Development of General Circulation Models (GCMs) 

Trenberth (2011) warned of a direct influence of global warming on climate change and 

mentioned several impacts of climate change on precipitation events.  As mentioned in 

Chapter 1, the bipolarization of rainfall events has become serious in Southeast Asia.    
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Easterling et al. (2000) summarized previous researches related to weather extremes and 

concluded that weather extremes are one of the major concerns regarding potential 

climate change.  In the previous researches, researchers conducted observational 

studies using historical rainfall data to understand the past climate extremes and 

modeling studies using general circulation models (GCMs) to clarify future climate 

extremes.  These researches are able to assess the future impacts on both human 

society and the natural environment.  Therefore, understanding historical climate 

extremes and developing GCMs are crucial to provide much better ideas for the future.  

Because the effect or impact of climate change on rainfall anomalies in Southeast Asian 

countries is one of the concerns not only to meteorologists and hydrologists but also to 

local planners and administrators, some previous researches related to the development 

of GCMs are summarized in this subsection. 

 

2.3.1.1 General Circulation Models (GCMs) 

Using GCMs has become the primary approach to simulate future projections of global 

climate and its changes (Wilby and Harris, 2006).  GCMs are able to simulate 

large-scale atmospheric variables and statistics such as mean precipitation, annual 

maximum precipitation, frequency of typhoons, etc.  Since GCMs have been 

developed by many research institutes and organizations all over the world, there are 

various kinds of GCMs these days.  Now, engineers and planners can use the outputs 

from GCMs for climate-change impact assessments.  However, overreliance on a 

single GCM may lead to inappropriate planning or adaptation responses, because 

disagreements among different GCMs over regional climate changes represent a 

significant source of uncertainty (Jenkins and Lowe, 2003).  Therefore, ensemble 

projections using multimodel ensembles (Kang et al., 2007; Kawase et al., 2008; 

Knutson et al., 2008; Juneng et al., 2010; Endo et al., 2012) or single-model ensembles 
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(Eden et al., 2012) are currently common methods to evaluate and/or eliminate 

uncertainties produced by the GCMs.  Eden et al. (2012) summarized expected sources 

of uncertainties and errors, such as a systematic bias in the large-scale atmospheric 

states, an unpredictable internally generated variability that is different from the real 

world, and deficiencies in convection and precipitation parameterizations throughout the 

simulation. 

 

In general, estimation and projection of future climate variables, particularly 

precipitation, using GCMs are the main concerns for climatologists, hydrologists, etc. 

because precipitation is a driving force of the hydrologic cycle.  The ability of GCMs 

to successfully simulate precipitation is evaluated by comparing simulated precipitation 

with observed one during the control period. 

 

2.3.1.2 Dynamic and Statistical Downscaling 

Downscaling is spatial and/or temporal refinement method using dynamic or statistical 

methods.  Recently, use of the GCM outputs has been required to assess the future 

climate impacts on industrial management, disaster management, environmental 

management, etc.  Although GCMs have been developed by many different research 

institutes and organizations, they basically show poor performance when it comes to 

region-scale prediction (e.g., watershed-scale precipitation) because of their coarse 

resolution (e.g., grid size of 200-250 km).  The coarse resolutions of these GCMs are 

inadequate to represent nonlinear and sensitive physical processes at regional scales.  

Therefore, impact assessment using GCMs at the regional scale remains difficult, and 

various types of rational downscaling methods have been developed to cover a gap 

between the coarse resolution of GCMs and the finer resolution required in each 

research field.  Thus, downscaling techniques play an important role in the practical 
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impact assessment at regional scales.   

 

There are two primary types of downscaling methods: dynamic downscaling and 

statistical downscaling.  The details of various downscaling methods are summarized 

and discussed well in the study reviewed by Maraun et al. (2010).  Each downscaling 

method is briefly explained below.    

 

a. Dynamic Downscaling 

Dynamic downscaling methods use nested regional climate models (RCMs), which 

have finer resolution than GCMs.  RCMs use the GCM outputs as lateral boundary 

conditions, and sea surface-temperature (SST) and sea ice as lower boundary conditions 

(Wang et al., 2004; Shaaban et al., 2011; Kitoh et al., 2016).  Since the resolutions of 

RCMs are relatively finer than those of GCMs, RCMs can reproduce finer-scale 

phenomena, such as topographic rainfall, local heavy rain, frontal rainfall, etc. (Kawase 

et al., 2008; Knutson et al., 2008).  Due to recent computer developments, the dynamic 

downscaling method has become more popular and has been used for some researches 

(e.g., Braga et al., 2013; Kitoh et al., 2016).  On the other hand, there still are many 

uncertainties surrounding RCMs and GCMs.  Therefore, a cascade of uncertainty is 

one of the concerns for modelers and users (Seguí et al., 2010). 

 

b. Statistical Downscaling 

Statistical Downscaling is easier to apply because its computational cost is lower than 

dynamic downscaling methods.  It establishes statistical relationships between the 

target variables (e.g., precipitation, temperature, relative humidity, etc.) and large-scale 

indices of regional weather over the target region for the current climate (Wilby and 

Harris, 2006; Juneng et al., 2010; Watanabe et al., 2010; Seguí et al., 2010; Shaaban et 
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al., 2011).  In recent researches, the “weather generator method,” “regression model 

method,” and “weather classification method” have been used often for statistical 

downscaling.  The details of these methods were well summarized by Wilby et al. 

(2004). 

 

2.3.1.3 Bias Correction 

In general, GCM outputs experience distortions, including a tendency to generate too 

many rainy days of lower precipitation intensity than the observed precipitation because 

of several uncertainties throughout the parameterization (Goddard et al., 2001; Ines and 

Hansen, 2006; Teutschbein and Seibert, 2010, 2012; Cannon et al., 2015).  In addition, 

GCMs have been known to have a tendency to underestimate extremes, such as heavy 

rainfall, very cold and very hot temperatures; because their spatial resolution limits the 

range of variations of their prognostic variables (Déqué, 2007; Teutschbein and Seibert, 

2010; Maraun, 2013).  More accurate precipitation input is required for proper 

assessment of the hydrologic design.  Therefore, the bias correction of the GCM 

outputs using the transfer function, which is obtained through certain bias-correction 

methods, will be an inevitable process to use these data as the inputs of the impact 

assessment model (e.g., hydrologic model).   

 

Since each bias-correction method has its own assumptions (e.g., the current 

relationship of statistical characteristics between the observed data and the current GCM 

outputs may not change in the future), it is difficult to apply one bias-correction method 

for all purposes.  In other words, at present, there is no universal bias-correction 

method that is applicable for all purposes.  Thus, planners have to select the most 

appropriate bias-correction method depending on their research objectives (Watanabe et 

al., 2011).  So far, many bias-correction methods have been suggested to obtain the 
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transfer function.  Some of these bias-correction methods are summarized below. 

 

a. Delta Change Method 

The delta change method is one of the most widely used methods in climate-change 

impact assessments due to its simplicity (Dobler et al., 2012).  The delta change 

method does not use the GCM outputs directly.  Figure 2.3 shows the conceptual 

diagram of the delta change method (Teutschbein and Seibert, 2010).  Observed 

precipitation series are altered with delta change factors to obtain future climate 

scenarios.  The delta change factors are derived from the GCM outputs as the mean 

monthly change between the control and future periods.  Then, the delta change factors 

are multiplicative for precipitation and additive for temperature.  The delta change 

method is known as a robust method.  However, it supposes that the observed data are 

available at the location of research and assumes that the climate variability is the same 

in the future as in the control period.  In addition, the selection of the delta change 

factor(s) is important.  For example, if the only bias of mean values is selected, the 

variance of bias corrected values would become inappropriate (Watanabe et al., 2012). 

 

 

Figure 2.3 Delta change method (Teutschbein and Seibert, 2010) 
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b. Local-Scaling Method 

The local-scaling method preserves the dynamic characteristics of the scenario 

simulation.  Figure 2.4 shows the concept of the local-scaling method (Teutschbein and 

Seibert, 2010).  For example, daily precipitation data obtained from GCM outputs at 

certain point are multiplied by a monthly parameter (i.e., scaling parameter), which is 

derived from the ratio between the GCM outputs and observed data at each site in the 

control period.  Then, the same parameter (i.e., ratio) is applied to the future GCM 

outputs.  The scaling parameters are multiplicative for precipitation and additive for 

temperature (Dobler et al., 2012; Ho et al., 2012; Masaki et al., 2013). 

 

 

Figure 2.4 Local-scaling method (Teutschbein and Seibert, 2010) 

 

c. Bias Correction using Statistical Characteristics 

In bias correction using statistical characteristics, firstly, the statistical characteristics 

(e.g., mean, variance, etc.) of observed data and the GCM outputs are obtained, 

respectively.  Then, their statistical characteristics are compared.  Finally, the GCM 

outputs are adjusted and converted based on the relationship among their statistical 

characteristics so that the GCM outputs have the same statistical characteristics as the 
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observed data (Inoue et al., 2011).  This method is easy to use, although its 

reproducibility of extreme values tends to be relatively low (Shibuo and Kanae, 2010). 

 

d. Multiplicative-Shift Method 

A multiplicative-shift method is often used to correct the bias of the mean monthly 

GCM rainfall.  The equation for the multiplicative shift method is as follows: 

 

 𝑥′𝑖 = 𝑥𝑖
�̅�𝑜𝑏𝑠

�̅�𝐺𝐶𝑀
 (2.1) 

 

In Equation (2.1), 𝑥𝑖 and 𝑥′𝑖 refer to raw GCM output and bias-corrected GCM output 

on day i, respectively, and �̅�𝐺𝐶𝑀 and �̅�𝑜𝑏𝑠 are long-term monthly mean rainfall values 

from the GCM and observation for a given month, respectively.  It adjusts only rainfall 

intensity to reproduce the long-term mean observed monthly rainfall.  Therefore, it 

does not correct any systematic error in frequency or intensity distribution (Ines and 

Hansen, 2006). 

 

e. Quantile-Quantile (q-q) Mapping Method 

The q-q mapping method is based on adjusting quantiles of the GCM outputs to 

observed data in order to eliminate systematic errors in the GCM outputs (Cannon et al., 

2015).  The basic assumption of q-q mapping is that the future probability distribution 

of the climate variable will be the same as in the control period (Wang and Chen, 2014).  

Typical q-q mapping methods for bias correction are summarized below.   

 

e-ⅰ. Bias correction using Probability Density Function (PDF mapping method) 

Figure 2.5 shows the conceptual diagram of the PDF mapping method (Fujiwara et al., 
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2006).  Firstly, the PDF is determined for monthly precipitation of observed data and 

the GCM outputs, respectively, in the control period.  When the GCM output value is 

PGCM, the non-exceedance probability of PGCM, that is, F (PGCM), is calculated by using 

the PDF of the GCM outputs at the certain return period.  Then, the monthly 

precipitation (F
-1

[PGCM]), which has the same non-exceedance probability as F (PGCM), 

is estimated by using the PDF of the observed data and replaced with the GCM output 

value.  When the bias of the future GCM is corrected, it is assumed that the same 

relationship of the non-exceedance probability between the GCM outputs and observed 

data would be organized in the future period.  When the future GCM output value is 

P
f
GCM; the non-exceedance probability of P

f
GCM, that is, F (P

f
GCM), is calculated by using 

the PDF of the current GCM outputs.  Finally, the monthly precipitation (F
-1

[P
f
GCM]), 

which has the same non-exceedance probability as F (P
f
GCM), is estimated by using the 

PDF of the observed data and replaced with the P
f
GCM. 

 

 

Figure 2.5 PDF mapping method (Fujiwara et al., 2006)  
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Fujiwara et al. (2006) applied the Gaussian distribution, the Log-normal distribution, 

and the Pearson type Ⅲ distribution to the monthly precipitation data.  After that, 

Inoue and Nakafusa (2010) used the same method as Fujiwara et al. (2006) and 

modified it for daily precipitation and extreme events.  The gamma distribution was 

applied firstly, and the results showed good performance only for daily precipitation and 

poor performance for the extreme values.  Therefore, the Generalized Pareto (GP) 

distribution, which is known as an extreme-value distribution, was employed for 

extreme values.  Using different PDFs depending on the target events is suggested by 

Inoue and Nakafusa (2010).  Inoue et al. (2011) used the Gumbel distribution and the 

GP distribution for bias correction of extreme values.  The Gumbel distribution also 

showed good performance for extreme values, and it is therefore applicable for the bias 

correction of extreme values.   

 

e-ⅱ . Bias correction using Cumulative Distribution Function (CDF mapping 

method) 

For a given variable, the CDF of the GCM outputs in the control period is matched 

firstly with the CDF of the observed data to obtain a transfer function corresponding to 

each quantile.  Then, the transfer function is applied to correct the bias of the future 

GCM output quantile by quantile (Boé et al., 2007; Seguí et al., 2010; Shibuo and 

Kanae, 2010; Kwan et al., 2013; Pierce et al., 2015).  Figure 2.6 shows the conceptual 

diagram of the CDF mapping method.  More simply, daily weather data, such as 

precipitation, are firstly extracted in the control period and then arranged in ascending 

or descending order for the observed data and the GCM outputs, respectively.  If the 

horizontal axis, which indicates the order or ranking of precipitation, is assumed or 

replaced from 0 to 1, it would be the same as the CDF.  The advantage is that the x- 

and y-axes always are spread between 0 and 1 so that many curves can be superimposed 
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(Déqué, 2007).  The obtained CDF is used to calculate transfer functions for each 

quantile.  At this time, the observed data are treated as true values.  Then, the ratio or 

difference between the observed value and the current GCM output is obtained for each 

rank or quantile, and the current GCM outputs are replaced by using the transfer 

function so that the data become the same values as the observed values.  For 

precipitation, bias correction is multiplicative based on the obtained ratio for each rank.  

For temperature, bias correction is additive based on the obtained difference for each 

rank (Hempel et al., 2013; Wang and Chen, 2014; Miao et al., 2016).  A multiplicative 

approach preserves the relative changes for precipitation, and an additive approach 

preserves the absolute changes for temperature.  Finally, the bias of the future GCM 

outputs are corrected by applying the same transfer function to the raw future GCM 

outputs (Ministry of Agriculture, Forestry and Fisheries, 2012; Dobler et al., 2012). 

 

 

Figure 2.6 CDF mapping method for rainfall 
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Watanabe et al. (2012) classified the CDF mapping method into two groups.  Since the 

conventional CDF mapping method assumes that the relationship of statistical 

characteristics between the observed data and the current GCM outputs might not 

change in the future, the change in the statistical characteristics of the future GCM 

outputs was taken into account in the second method.  By considering the future 

statistical characteristics, parameters of the transfer function will vary depending on the 

future target period.  Their second CDF mapping method showed better performance 

than the conventional method.  However, its applicability in terms of extreme values 

has not been confirmed yet.   

 

e-ⅲ. Further Application Studies of the q-q Method for Extreme Rainfall 

In recent researches, PDF and CDF have been used at the same time for bias correction 

using the q-q bias-correction method.  The histogram of the variables (e.g., daily 

precipitation) is firstly fitted with the PDF.  Then, the transfer function is derived from 

the CDF (Ines and Hansen, 2006; Déqué, 2007; Piani et al., 2010a, 2010b; Maurer and 

Pierce, 2014).   

 

For extreme rainfall in particular, use of a combination of PDF and CDF has been 

validated recently (e.g., Abdellatif et al., 2012; Rasmy et al., 2013; Nyunt et al., 2013, 

2016).  In these researches, the GP distribution was utilized for bias correction of 

extreme rainfall.  Rasmy et al. (2013) and Nyunt et al. (2013 and 2016) performed 

three methods of bias correction for GCM outputs.  One method was for extreme 

rainfall using GP distribution, another method was for the frequency of no-rain days 

using the ranking order statistics, and the third method was for normal rainfall (between 

extreme rain and no rain) using the two-parameter gamma distribution.  These 

researches concluded that fitting to the GP distribution is the best way to correct the 
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biases of extreme rainfall.   

 

f. Studies Recommending No Bias Correction 

There have been some studies that recommend not using any bias correction methods 

for the GCM/RCM outputs.  For example, Teutschbein and Seibert (2010) generally 

recommend the application of bias-correction methods.  However, they warned that the 

bias-correction process adds more uncertainties to climate-change impact assessments.  

Hagemann et al. (2011) and Vannitsem (2011) discussed their doubts about whether the 

impact of bias correction on the climate-change signal leads to a more realistic signal.  

Ehret et al. (2012) argued that the current bias-correction methods used in recent 

researches are not valid procedures.  The current bias-correction methods, which are 

postprocessing steps that neglect the complex hydro-meteorological atmospheric and 

land-surface interactions, are not suitable to make the GCM/RCM outputs usable for 

climate-change impact assessments.  They concluded that the current situations of 

bias-correction methods hide and increase uncertainty rather than reduce it, even though 

the agreement of the GCM/RCM outputs with observational data is improved. 

 

Huang et al. (2014) also mentioned the uncertainties produced by the processes of bias 

correction.  Through their applications of the bias-correction method using GP 

distribution on hydrologic simulations for extreme events, they concluded that the 

bias-correction method may increase the reliability of projected mean river discharge 

but cannot increase the reliability of flood projections.  Therefore, the direct use of the 

GCM/RCM data was recommended, and it might still be preferred if extreme discharge 

characteristics are the area of interest.   
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The best strategy for improving future global and regional circulation model simulations 

is to develop and improve GCM/RCM itself.  However, from the perspective of users, 

bias-correction methods allow users to develop and apply the GCM/RCM outputs 

depending on their interests and purposes without the need for full understanding of the 

GCM/RCM itself.  Therefore, although bias correction is not mandatory, users firstly 

have to ponder the necessity of bias correction and select the most appropriate 

bias-correction method depending on their research objectives. 

 

2.3.2 Past and Present Climate Change Researches 

Historically, Malaysia has been affected by ENSO-related disasters, such as flood and 

drought.  A prolonged drought associated with El Niño causes severe water-supply 

crises, and devastating flood associated with La Niña causes major economic damage 

and claim many victims.  Therefore, Juneng and Tangang (2008) firstly examined the 

predictability of ENSO-related rainfall anomalies using Canonical Correlation Analysis 

(CCA).  CCA is a linear statistical-modeling technique that investigates maximally 

correlated coupled patterns between sets of predictor and predictand matrices.  The 

study found that anomalous SST conditions associated with the ENSO phenomena 

affect the model’s ability to predict rainfall anomalies in Malaysia.  Although this 

study did not use any GCMs for its prediction, it attracted much attention to the impacts 

of climate change in Malaysia.  However, the recent GCMs are known to lack the 

ability to simulate Southeast Asian monsoon rainfall because they cannot simulate the 

relationship between local rainfall and SST anomalies over the Philippine Sea, the 

South China Sea, and the Bay of Bengal correctly (Kang et al., 2007).  Therefore, 

recent researches in Malaysia mainly focus on improving the performance of the 

existing GCMs. 
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2.3.3 Impact Assessment of Climate Change in Malaysia 

GCMs downscaled by RCMs or statistical methods have been used to assess future 

climate-change impacts on water resources in Peninsular Malaysia and for mitigation 

and adaptation to the impacts of climate change at regional levels (Shaaban et al., 2011; 

Tukimat and Harun, 2011; Hassan and Harun, 2012; Kwan et al., 2013).  The 

researches predicted hydro-climatic conditions, including rainfall, temperature, river 

discharge, and their extremes in the future.  According to the results of these 

researches, all of Peninsular Malaysia will warm by approximately 2°C in the next 50 

years.  In addition, the future monthly high flows will become higher, and low flows 

will become lower.  In other words, watersheds in Peninsular Malaysia will suffer from 

drier conditions in dry seasons and more floods in rainy seasons.  In particular, the 

average amount of annual rainfall in the future will not be much different than now.  

However, the monthly rainfall amount will increase in the NE monsoon season.  In 

contrast, the wet spell will become relatively short in the NE monsoon season.  Thus, 

rainfall intensity will be higher when it rains in the NE monsoon season.  These 

researches implied that the hydrologic extremes are expected to become more severe in 

the future, which means that more serious floods and droughts will occur in the future, 

depending on the season (Juneng and Tangang, 2008). 

 

As far as the author has investigated, the practical study that used the GCM outputs for 

hydrological simulations in Malaysia was first conducted by Tan et al. (2014).  The 

impacts of climate change on river discharge were estimated by inputting the 

downscaled GCM outputs into the hydrologic model in the Johor River Watershed, 

Malaysia.  Multi-model ensemble outputs under the three representative concentration 

pathways (RCP 2.6, 4.5, and 8.5) were used for the hydrological simulation using the 

Soil and Water Assessment Tool (SWAT).  The highest increment of monthly rainfall 
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projected by the GCMs was confirmed in December and January, as those months were 

when historical major flood events have occurred frequently.  The increment of future 

monthly streamflow in the same period was also predicted, and more severe floods 

might occur in the future.  In contrast, the dramatic decreases of monthly streamflow in 

March and April were estimated using simulations.  These decreases are projected to 

lead to more severe droughts and water shortages in the future. 

 

It is still a challenge for the current GCMs to simulate monsoon rainfall over Southeast 

Asia.  However, the findings, which indicate that wet seasons would become wetter 

and dry seasons would become drier over Malaysia, are based on some of the researches 

mentioned above.  Adnan and Atkinson (2011) clarified an association between rainfall 

change and streamflow change, in addition to land use change, in the catchment scale.  

Therefore, more detailed and accurate simulations and verifications using a combination 

of GCMs and hydrologic models are required in Malaysia. 

 

2.4 Design Flood System 

As far as the author has investigated, there is no concrete design flood system that 

considers the monsoon climate and its unique characteristics in Malaysia.  The 

methodology of design flood estimation using the hydrological frequency analysis is 

already well established in the hydrological engineering field.  Therefore, typical 

procedure of design flood estimation and examples of its application are summarized in 

this section.   

 

2.4.1 Design Flood Estimation 

Estimating design floods at a target location is a crucial part of the hydrologic field.  

Therefore, various methods for design flood estimation have been suggested by 
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hydrologists.  For estimating the design flood, there are three primary methods: 

statistical method, deterministic method, and a combination method of statistical and 

deterministic methods (Rogger et al., 2012).   

 

2.4.1.1 Statistical method 

The statistical method is based on the hydrological frequency analysis of historic river 

discharge data.  When long-term river discharge data are available at a target location, 

this method is applicable (Rogger et al., 2012).  This method is the standard approach 

to estimate the design flood.  However, long-term river discharge data are not 

homogeneous, because of the changes to runoff characteristics caused by rapid land-use 

changes (e.g., urbanization, deforestation, and dam construction).  Thus, it is difficult 

to apply the river discharge data directly for the hydrological frequency analysis, and 

the deterministic method mentioned below has become common for design flood 

estimation recently. 

 

2.4.1.2 Deterministic method 

The deterministic method is known as the design-storm method or the event-based flood 

estimation method.  In this method, a design storm is selected from the 

intensity-duration-frequency (IDF) curve of rainfall, which is derived from the 

hydrological frequency analysis.  Then, the design storm is used as an input for the 

rainfall-runoff simulation model to estimate the design-flood hydrograph.  This 

method is easy to apply without long-term data availability, and the hydrologic process 

in the watershed can be taken into account easily by using the rainfall-runoff simulation 

model.  Therefore, several recent researches have used it to estimate the design flood 

(Boughton and Droop, 2003; Ahn et al., 2014).  In this method, the storm that shows 

the largest flood peak is considered to be the representative storm (Rogger et al., 2012).  
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In that case, it may be difficult to say that the estimated design flood is the most 

reasonable one.  Boughton and Droop (2003) mentioned the importance of proper 

selection of critical storm duration and temporal distribution of rainfall to fix the rainfall 

intensity.  However, the details of those selection criteria have not been described in 

the previous researches.   

 

2.4.1.3 Combination of statistical and deterministic methods (Derived flood frequency 

approach) 

This method is known as the continuous-simulation approach, which applies 

stochastically generated rainfall time series to continuous rainfall-runoff simulation 

models to obtain long-term river discharge data for the flood frequency analysis 

(Faulkner and Wass, 2005; Rogger et al., 2012; Grimaldi et al., 2012).  The 

continuous-simulation techniques have been used recently thanks to the development of 

computers.  Boughton and Droop (2003) summarized the advantages of continuous 

simulation.  For example, stochastic rainfall-generation technology allows users to 

obtain thousands of years of rainfall data, and thus, users can obtain long-term sequence 

of river discharge data and hydrographs using the continuous rainfall-runoff simulation 

models.  In addition, this method is able to apply to ungauged places where too few 

observation data are available (Calver et al., 2009; Haberlandt and Radtke, 2014).  

Although the importance of rainfall duration to design floods was mentioned in these 

researches, they did not define and consider critical rainfall duration, because the 

continuous simulation does not require the definition of critical rainfall duration.   

 

Still, the design-storm method (or event-based method), which includes the 

hydrological frequency analysis, is dominant for design flood estimation because it is a 

developed and flexible method (Levy and McCuen, 1999; Calver et al., 2009).  
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Therefore, the concept of design storm duration or the critical rainfall duration has to be 

considered in design flood estimation. 

 

2.4.2 Design Storm Duration and Critical Rainfall Duration 

The design storm duration, or critical rainfall duration, is one of the most important 

factors in accurately measuring the design flood to avoid over- or under-estimation 

(Wright, 2015).  However, a deterministic method to define the rational rainfall 

duration of the design storm has not been proposed yet.  Until now, 24-hour duration 

or the time of concentration has been typically used.  However, Levy and McCuen 

(1999) and Lau and Gali (2011) strongly suspected that the conventional method for 

selecting the design storm duration using a 24-hour storm duration or the duration equal 

to the time of concentration is truly appropriate, because of the diverse watershed 

characteristics and conditions.  The US. Federal Emergency Management Agency’s 

(FEMA) guidelines for flood-risk analysis and mapping (2016) define the critical 

duration as a design storm that provides the maximum/highest peak flow.  However, 

the guidelines have assumed that the 24-hour rainfall duration produces the highest peak 

flow throughout the watershed.  According to Levy and McCuen (1999) and Lau and 

Gali (2011), the critical rainfall duration actually varies depending on the topography of 

the watershed, slopes of the river, storm sewer capacities, and regional flood storage 

facilities.  In addition, the duration equal to the time of concentration does not reflect a 

storm depth of rainfall excess, and the critical rainfall duration exceeded 24 hours in 

some investigated watersheds.  Thus, the assumption is that the current critical rainfall 

duration using 24-hour duration or the time of concentration is not appropriate for 

design flood estimation.  Therefore, application of the appropriate rainfall duration, 

considering watershed characteristics and conditions, is absolutely required for more 

accurate design flood estimation.   
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Determining design floods accurately is difficult, particularly in areas where do not 

have enough hydrologic data.  For example, Kang et al. (2013) used hourly 

precipitation data to determine the critical rainfall duration based on the obtained IDF 

curve in two small watersheds in Korea.  In their study, each storm event was 

distinguished by a “dry” period that lasted for at least 6 hours without precipitation.  

The critical rainfall duration was defined as the rainfall duration that provides the 

maximum peak flow in the watersheds, and the use of the time of concentration as the 

critical rainfall duration was suspected.  The results showed that the critical rainfall 

duration derived from the IDF curve was obviously longer than the time of 

concentration.  More-detailed investigations were carried out by Yoo et al. (2015), who 

introduced the interevent time definition.  In the field of flood prediction and 

management, the Standardized Precipitation Index is also used for Copula modeling to 

quantify and compute the rainfall duration (e.g., Rauf and Zeephomgsekul, 2011; Wee 

and Shitan, 2013).  Since these researches aimed to model rainfall duration and 

severity, they did not mention the practical application of the defined rainfall duration 

for flood management.  In the field of landslide prediction, rainfall duration is also an 

important factor, along with other factors such as soil characteristics, geologic 

conditions, land covers, etc.  The concept of critical rainfall duration has been used 

often for landslide prediction (e.g., Chhorn et al., 2015), and it was applied to design 

floods in several researches (e.g., Dunkerley, 2008; Yoo et al., 2015).  However, all of 

the researches mentioned above were actually based on the availability of temporally 

finer (e.g., hourly) precipitation data and they might not be applicable when the 

available data are strictly limited.  In that sense, such finer resolutions of rainfall data 

are difficult to obtain in Southeast Asian countries, including Malaysia.  Therefore, an 

alternative way to rationalize the appropriate rainfall duration has to be established for 

more accurate design flood estimation in those regions. 



49 

 

2.4.3 Hydrologic Research in Malaysia 

Many researches that focused on the optimum PDF and parameter estimation methods 

for the hydrological frequency analysis, creating the IDF curve of a target region, etc. 

were conducted for the development of hydrologic research in Malaysia. 

 

Daud et al. (2002) and Zalina et al. (2002) applied eight types of PDFs using the 

L-moment parameter estimation method for rainfall data in Malaysia.  They 

investigated the performances of the PDFs to describe the annual maximum daily 

rainfall based on the goodness-of-fit test and compared the results of the IDF curves 

obtained from the selected PDF.  Suhaila and Jemein (2007, 2008, and 2009) applied 

various PDFs, such as lognormal, exponential, gamma, and other types of distributions, 

to describe daily rainfall in Peninsular Malaysia.  Zin et al. (2009) applied five types of 

PDFs using two parameter estimation methods, L-moment and LQ-moment, to describe 

the annual maximum daily rainfall of Peninsular Malaysia and compared the 

performances of the parameter estimation methods.  Salarpour et al. (2012 and 2013) 

investigated flood variables, which describe a flood event, such as peak flow, flood 

volume, and flood duration, for the statistical flood estimation method.  Five 

probability distributions were applied to these variables, and the most suitable models 

were compared based on several goodness-of-fit tests, such as the Kolmogorov-Smirnov 

test, the chi-squared test, and the Anderson-Darling test.  Ismail et al. (2015) also 

focused on the statistical method and conducted the hydrological frequency analysis 

using river discharge data in the Johor River Watershed.  Long-term historic river 

discharge records were used for the hydrological frequency analysis using five PDFs.  

Chang et al. (2015) investigated the performance of several types of PDFs to represent 

annual maximum rainfall and to develop the IDF curve of rainfall in Peninsular 

Malaysia.  Several IDF curves of rainfall obtained from the optimum PDF, which was 
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determined through the Anderson-Darling goodness-of-fit test, were shown.  However, 

since the obtained IDF curves showed the IDF relationships of rainfall in Peninsular 

Malaysia, the results should be used for design flood estimation.  Although the 

abovementioned researches selected the optimum PDF, which can describe the annual 

maximum rainfall, and showed the IDF curve based on the selected PDF, the 

localization approach and any practical application cases were not mentioned.  

Although their results showed good performance of the typical statistical methods and 

mentioned the importance of these analyses for decision-making, a concrete approach 

for practical application was not proposed.     

 

These researches made substantial contributions to the field of hydrology in Malaysia.  

However, even with the invention, discovery, and development of the latest technology, 

there are no practical application studies or design flood criteria that use these most 

recent studies for rational design flood estimation.  Even if the optimum PDF is 

selected in a certain region, the results will depend on the available rainfall data, 

watershed conditions, and methodology.  Even though there were many researches that 

concentrated on investigations of PDF performances, parameter estimation method 

performances, selection of the optimum PDF, and development of the frequency 

analysis itself (e.g., Ahmad et al., 2011; Zakaria et al., 2012; Shabri and Jemain, 2013), 

these researches were not applied for actual design floods.   

 

2.4.4 Challenges in the Current Design Flood System 

For now, the most important thing in terms of constructing design flood system in 

Malaysia is the application of knowledge on practical and rational design floods.  Even 

if the results are different depending on the target research area, integration of the 

know-how for rational design floods should be considered for the sake of security of 
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Malaysian locals.  There still are gaps between researches and practical applications, 

and thus, integrated design flood criteria are absolutely necessary in Malaysia.  When 

the practical application in a certain river watershed is considered, the critical rainfall 

duration based on historic hydrologic observation data should be taken into account 

because the design flood values have to reflect the actual watershed conditions and 

rainfall-runoff characteristics of the watershed.  In that sense, the time of concentration 

does not consider the watershed storage effects, which are strongly related to land use 

(Kang et al., 2013).  As described above, there still are some gaps between hydrologic 

research and practical application.  Research usually proposes the design flood based 

on the highest peak flow obtained from the IDF curve.  However, the latest hydrologic 

researches are rarely practically applied.  In practical application, on the other hand, if 

the estimated design-flood value is over- or under-estimated, it will cause problems, 

such as waste of resources (e.g., money, time, manpower, materials, etc.) and excessive 

disasters, respectively (Yazawa et al., 2016).  In reality, design floods that consider 

actual watershed conditions are required by locals.  Therefore, this research aims to 

integrate these gaps for rational design flood estimation, considering the unique 

watershed characteristics under the monsoon climate. 

 

2.4.5 Climate Change Adaptation 

Parry et al. (1998 and 2008) stressed the importance of adaptation to climate change 

because mitigation through reducing greenhouse gas emissions cannot reduce the 

impacts of climate change alone.  The 2007 Intergovernmental Panel on Climate 

Change (IPCC) assessment report issued a call for global emissions to be cut to at least 

50% by 2050.  However, Parry et al. (1998 and 2008) proposed a stricter target, an 

80% cut in global emissions by 2050, and mentioned that even if 80% of global 

emissions were cut, the damage caused by climate change still would be large and 
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unavoidable.  Since adaptation measures seem more complicated than mitigation 

measures, less attention has been paid to adaptation.  Therefore, climate change 

adaptation and an optimal balance between mitigation and adaptation are important. 

 

There are several barriers to promoting climate change adaptation, especially in the 

Asia-Pacific region (Yasuhara et al., 2011).  Numerous measures to adapt to climate 

change already have been implemented in the Asia-Pacific region, but these measures 

are limited by a lack of decision-making knowledge in terms of the climate change 

adaptation, a lack of stakeholder coordination, and limited resources.  In addition, a 

lack of recognition of climate change adaptation, a lack of data for research, and a lack 

of financial resources have hindered climate change adaptation.  In order to deal with 

these challenges, integration of the participation of stakeholders, information sharing, 

proper education, scientific research, and effective communication strategies is crucial.  

In that sense, the concept of climate change adaptation is similar to the concept of 

Integrated Watershed Management (IWM).  Therefore, the concept of climate change 

adaptation should be considered in the integrated design flood system because impacts 

of climate change on water resources are unavoidable in this century. 

 

2.5 Summary 

An extensive literature review and discussion were provided in this chapter.  Firstly, 

flooding is one of the most common and serious problems on the Maritime Continent 

(i.e., Malaysia, Singapore, Indonesia, and the Philippines), particularly in the monsoon 

seasons.  Damage suffered from flooding depends not only on climatic situations in 

each country but also on monitoring and warning systems, structural and non-structural 

management systems, and the country’s governmental regimes.  Sometimes, people 

make their decisions based only on the positive benefits of industrial and economic 
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exploits, that is, they tend to ignore the negative effects.  In that respect, Malaysia is 

one of the countries that is still susceptible and vulnerable to flooding, because the palm 

oil plantation area continues to expand for Malaysia’s economic benefit.  In addition, 

unique monsoon climatic situations and the lack of concrete flood management systems 

are underlying causes of flooding in Malaysia. 

 

There are complex climatic and weather systems that affect monsoon seasonal rainfall 

surrounding Malaysia.  Southwesterly winds during the SW monsoon season bring 

short-lived squalls that cause flash floods on the west coast, including the capital.  

Northeasterly winds during the NE monsoon season, on the other hand, bring heavy rain 

to the east coast and cause prolonged flooding.  The impacts of these climatic and 

weather situations on floods are expected to become worse in the future because of 

climate change.  Therefore, concrete and integrated flood management systems are 

definitely required in Malaysia in order to mitigate and prevent floods. 

 

Most of the Southeast Asian countries do not have the certain design flood systems. 

Additionally, there are still some gaps between hydrologic research and practical 

application.  Even if the latest technology is used and its performance is investigated 

by researchers, there are no practical application studies and design flood criteria that 

use these latest studies for rational design flood estimation.  Since the consideration of 

a concept of the IWM has been suggested and required recently, design flood systems 

that consider the actual watershed conditions will be important as one of the IWM 

practices.  When the practical application of design flood estimation in Malaysian 

watersheds is considered, rainfall characteristics of the monsoon climate and climate 

change impacts on the monsoon climate should be taken into account.  Therefore, this 

research applies the conventional design flood estimation based on the hydrological 
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frequency analysis to the Johor River Watershed, investigates its applicability to the 

monsoon region, and integrates the gaps in rational design floods by considering the 

unique watershed characteristics under the monsoon climate.



55 

 

CHAPTER 3 

 

WATERSHED MODELING AND ANALYSIS 

 

Recently, integrated watershed modeling using the geographic information system 

(GIS) based hydrologic model has become popular for not only simulating watershed 

conditions but also evaluating effective watershed management strategies.  The model 

is applicable to both water quantity and quality simulations that consider whole 

watershed situations.  Therefore, it will become an absolute necessity for the 

Integrated Watershed Management.  The main objectives of this chapter are (1) to 

construct the integrated watershed model using the Hydrologic Simulation 

Program-FORTRAN (HSPF) in the Johor River Watershed, (2) to grasp the 

watershed’s characteristics based on the watershed information data, and (3) to 

simulate and reproduce past floods of the Johor River.    

 

3.1 Hydrological Modeling 

The hydrologic model should be chosen based on the research objectives; the scope, 

knowledge, and skills of the modeler; and constraints on resources, watershed 

information/data, time scale, and watershed size.  Although a complex model will be 

able to better represent the watershed conditions, it will take more time to obtain a 

solution.  Due to the recent development of information systems and personal 

computers, applying the GIS-based model to integrated watershed modeling has made 

it easier to accurately simulate the hydrologic cycle of a watershed (Abdullah et al., 

2015; Julien et al., 2015).  Effective use of GIS supports the scientific evaluation of 

various environmental impact assessments and watershed management 

countermeasures.  In addition, using GIS will allow stakeholders to easily understand 
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watershed information and to make decisions in terms of implementing watershed 

management strategies.  It is difficult to monitor all comprehensive changes and data 

regarding water quantity and quality in a watershed (Kondo, 2016), and hydrologic 

phenomena in a watershed are temporally and spatially complicated.  However, 

continuous simulation using a parameterized watershed model can close the temporal 

and spatial gaps between existing data and actual watershed conditions. 

 

Recently, continuous simulation for design flood estimation using a certain operational 

system has become popular in the hydrologic field.  Many institutes have developed 

operational systems.  For example, HSPF developed by the US. Environmental 

Protection Agency (US. EPA, 2001), TOPMODEL as described by Beven et al. (1995), 

the HEC-HMS Hydrologic Modelling System (Charley et al., 1995), etc. are often 

utilized for design flood estimation.  Boughton and Droop (2003) thoroughly 

reviewed the historical details of these models. 

 

There are two main types of watershed model: the lumped watershed model and the 

distributed watershed model (Figure 3.1).  Historically, the lumped watershed model 

has been used to simulate river conditions at watershed outlets using fewer parameters 

than the distributed watershed model (Refsgaard, 1997).  The model focuses on 

simulating target point scenarios with time variation.  Therefore, the spatial 

distributions of water and other substances in a watershed are not considered, and 

parameters are spatially averaged and uniform in a watershed (Shah et al., 1996; 

Johnson and Miller, 1997; Abdullah, 2013).  This simplification of the watershed 

phenomena may affect the accuracy of the simulation results.  However, due to the 

smaller number of parameters, the lumped watershed model is easy to apply in regions 

where the available data are not enough.  The distributed watershed model, on the 
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other hand, is basically compatible with GIS and able to handle numerous data and 

parameters at the same time (Abdullah, 2013).  The distributed watershed model 

divides the watershed into several parts (e.g., sub-basins) and allows the modeler to 

simulate the spatial distributions of water and other substances with time variation.  

Thus, it enhances the reproducibility of hydrologic processes in a watershed.  

Although the distributed watershed model requires various parameters, it has been used 

to simulate river conditions in recent researches due to the development of information 

systems and personal computers.  Nowadays, the distributed watershed model has 

become a powerful tool for effective watershed management. 

  

Figure 3.1 Watershed models 

 

3.2 Hydrological Simulation Program-FORTRAN (HSPF) 

To implement rainfall-runoff simulations, this research uses a GIS-based hydrological 

simulation model, HSPF.  HSPF was developed by the US. EPA (2001), and it is able 

to simulate river discharge as well as nonpoint pollution loads in a watershed based on 

GIS-acquired watershed information (Albek et al., 2004; Hayashi et al., 2004; Abdulla 

et al., 2009; Liu and Tong, 2011; Akter and Babel, 2012).  Many researches have used 
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HSPF for rainfall-runoff simulation during flood events, and its applicability has been 

approved (e.g., Fortaine, 1995; Gouncu and Albek, 2010; Ribarova et al., 2011; Ahmed 

et al., 2013; Yan et al., 2014; Amirhossien et al., 2015).  This section summarizes the 

structure of HSPF. 

 

3.2.1 Modeling Workflow 

In order to construct the integrated watershed model using HSPF in the Johor River 

Watershed, this research followed some steps shown in Figure 3.2 that represents the 

entire modeling workflow.  As shown in Figure 3.2, the Better Assessment Science 

Integrating point & Non-point Sources software package (hereafter, BASINS) (US. 

EPA, 2003) is first used to facilitate the application of GIS-based information to HSPF.  

Watershed data, such as a watershed polygon and river lines, are created using 

BASINS.  Secondly, BASINS is used to create the Users Control Input (UCI) file.  

Many parameters related to rainfall-runoff characteristics, such as the properties of the 

land cover, soil, and river, are stored in the UCI file.  In the UCI file, users are able to 

edit and set these parameters based on the actual watershed conditions and the 

collected data of the watershed.  Then the WDMUtil software, which is compatible 

with HSPF, is used to input the collected weather time series data into HSPF.  

WDMUtil is subsidiary software that facilitates managing and editing time series data 

(e.g., meteorological time series data).  After setting up the UCI file, the Parameter 

ESTimation package (hereafter, PEST) can be used to optimize the parameters, if 

necessary.  PEST is also subsidiary software that is compatible with HSPF.  When 

PEST is applied to a parameter optimization procedure, additional control files are 

required to connect it to other files and software.  Since this research utilized PEST 

for parameter optimization, the details of the procedure are described in 3.3.3.  Finally, 

HSPF can be implemented to simulate the hydrologic processes after setting 



59 

 

appropriate parameters and can be utilized for any scenario simulations in the target 

watershed.   

 

 

Figure 3.2 Modeling workflow 

 

3.2.2 Description of HSPF 

HSPF is classified as a conceptual model and able to simulate the continuous 

variations of both water quantity and quality in the hydrologic cycle of a watershed.  

The hydrologic phenomena in a watershed, such as runoff, infiltration, and evaporation, 

are modeled in HSPF.  Specific input data, such as topography, land use, and weather 

conditions, are required for simulating the hydrologic phenomena.  There are three 

segments in HSPF, Pervious Land Segment (PERLND), Impervious Land Segment 

(IMPLND), and Reach and Reservoir (RCHRES), and users need to set parameters in 

each segment.  Figure 3.3 shows a conceptual diagram of a flux network comprised of 
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these three segments.  This subsection describes the details of each segment. 

 

 

Figure 3.3 Conceptual diagram of flux network in HSPF 

 

3.2.2.1 Pervious Land Segment (PERLND) 

Figure 3.4 shows the structure of the PERLND module.  It consists of three main 

sections and several supplementary sections.  The first main section, PWATER, 

simulates water balance in a pervious land segment.  The water balance calculation 

simulates important factors such as rainfall, snowfall, snowmelt, evaporation, and 

transpiration.  Water balance is calculated by directly using the input data and solving 

related physical formulae.  This is the most important section because the PERLND is 

in general the most dominant land cover in a watershed, and the inappropriate 

simulation results of the water balance in the PERLND module affect all other results 

in the model.  The next main section, SNOW, is taken into account in the PERLND 

module if the target region is snow-covered and experiences snowfalls.  In addition, 

SEDMNT is the main section of the PERLND module because other water quality 
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indices, such as phosphorus, nitrogen, and E. coli, are adsorbed and transported by 

sediment.   

 

There are more sections that simulate water quality indices, such as phosphorus 

(PHOS), nitrogen (NITR), and pesticide (PEST), in the PERLND module.  The HSPF 

User’s Manual (US. EPA, 2001) explains the details of these sections. 

 

 

Figure 3.4 PERLND module 

 

3.2.2.2 Impervious Land Segment (IMPLND) 

Figure 3.5 shows the structure of the IMPLND module.  In the IMPLND module, 

impervious land indicates a predominantly urbanized area, and infiltration is not taken 

into account at all or for the most part.  Rainfall, snowfall, snowmelt, evaporation, 

transpiration, etc. are also modeled in the IMPLND module to simulate the water 

balance of the impervious land.  Sediment and various pollutants accumulate on the 

surface and are transported in the segment.  Water, sediment, and diverse pollutants, 
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which are simulated in the IMPLND module, basically flow out from the lateral 

boundary of the segment and into the next segment or the RCHRES module (US. EPA, 

2001). 

 

 

Figure 3.5 IMPLND module 

 

3.2.2.3 Reach and Reservoirs (RCHRES) 

Figure 3.6 shows the structure of the RCHRES module, which simulates basic 

hydraulic behavior, heat budget, water temperature, mass balance, and the transport 

and fate of sediment and various pollutants.  It is assumed that there is only one open 

or closed single channel with one direction in each segment.  In terms of the reservoir, 

the RCHRES module simulates the phenomena that happen in a complete mixing 

reservoir (US. EPA, 2001). 
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Figure 3.6 RCHRES module 

 

3.2.3 Hydrologic Components 

In the PERLND module shown in Figure 3.4, PWATER simulates the water balance in 

the pervious land segment.  PWATER is one of the most important sections of HSPF, 

and the results of the other sections (e.g., SEDMNT) depend on the outputs obtained 

from PWATER.  Figure 3.7 shows the hydrologic processes modeled in HSPF.  

Rainwater is first intercepted by vegetation, which transpires the intercepted moisture.  

Then the moisture, which exceeds the interception capacity of the vegetation, falls on 

the ground and infiltrates the soil.  The moisture, which does not infiltrate the ground 

directly, flows into the water body as surface runoff, and the infiltrated moisture in the 

ground is stored in four layers: the surface, upper zone, lower zone, and active deep 

aquifer.  A part of the moisture from each layer evaporates into the atmosphere.  In 

addition, a part of the stored moisture in the upper zone layer is discharged into the 

water body as internal runoff, and a part of the stored moisture in the active deep 

aquifer is discharged into the water body as base flow.  These sequential hydrologic 

processes are structured in HSPF. 
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Table 3.1 shows the main methods used to simulate flow direction, surface runoff, 

infiltration, evapotranspiration, and channel flow in HSPF.  Many physical equations 

and empirical equations are incorporated into HSPF, and the details of those equations 

are described in the HSPF User’s Manual (US. EPA, 2001). 

 

 Figure 3.7 Hydrologic processes modeled in HSPF 

 

Table 3.1 Main calculation methods in HSPF 

 

 

 

 

 

Hydrologic process Method

Flow Direction D-∞ Method

Surface Runoff Chezy-Manning Equation

Infiltration Philip Equation

Evapotranspiration

Hamon Equation

Jensen Equation

Penman-Monteith Equation

River Flow
Storage Routing Method

Kinematic Wave Method
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3.2.4 Better Assessment Science Integrating Point & Nonpoint Sources 

(BASINS)  

The BASINS software package (US. EPA, 2003) is used to facilitate the process of 

applying GIS-based information to HSPF.  BASINS is able to create watershed 

information data, such as a watershed polygon, river lines, and sub-basins, based on 

the Digital Elevation Model (DEM) of the target river watershed.  In this research, the 

watershed data were created using the Automatic Watershed Delineation tool that has 

been incorporated into BASINS 4.0.  The details of the data collected and used in this 

research are described later.   

 

The three run steps in the Automatic Watershed Delineation tool are “Setup and 

Preprocessing,” “Network Delineation by Threshold Method,” and “Custom 

Outlet/Inlet Definition and Delineation Completion.” In the Setup and Preprocessing 

step, users first need to set up the DEM and a unit of elevation (e.g., meters, as used in 

this research), which will become the fundamentals of the watershed model.  Next, in 

the Network Delineation by Threshold Method step, the threshold of a catchment area 

at the uppermost stream of the target river and its unit are set up.  This research used 

the following watershed delineation conditions: a unit of square kilometers (km
2
) and a 

threshold of 20 km
2 

were set through these steps.  The threshold of 20 km
2
 is the 

minimum value that BASINS automatically calculated based on the resolution of the 

DEM.  These conditions mean that a river that has the watershed area of more than 20 

km
2
 is regarded as one sub-basin.  Finally, the outlet point of the target river is 

decided in the Custom Outlet/Inlet Definition and Delineation Completion step.  In 

this step, users are able to manually and voluntarily choose the outlet point. 
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3.3 Data Preparation 

Since the early 1990s, researchers have done flood mapping and database construction 

exercises, and various flood forecasting and warning systems that are based on the 

hydraulic model have been used in Malaysia since then (Billa et al., 2004).  Recently, 

however, hydrologic processes must be considered to produce more accurate flood 

forecasting and warning systems.  In that sense, data for hydrologic purposes in terms 

of period and time steps are still limited in Malaysia due to a lack of facilities, budget, 

and appropriate maintenance.  Therefore, this research must use occasionally global 

datasets for the Johor River Watershed due to the limitation. 

 

3.3.1 Data Collection 

To apply HSPF to the Johor River Watershed, this research collected two primary types 

of data, GIS data based on the watershed information (e.g., topography and land cover) 

and time series data based on the weather information (e.g., rainfall and temperature).  

The GIS data were edited and operated by ArcGIS software (ESRI, USA) and BASINS.  

Table 3.2 shows the major datasets collected in this research for the Johor River 

Watershed.  The details of these datasets are summarized in the descriptions below.   

 

Table 3.2 Major data sets used in this research 

 

 

 

 

Data type Data set Source agency

DEM SRTM-3 National Aeronautics and Space Administration (NASA)

Land cover Global Land Cover Product European Space Agency

Rainfall APHRODITE APHRODITE's Water Resources

Temperature

Solar radiation
Climate Forecast System Reanalysis National Centers for Environmental Prediction (NCEP)
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3.3.1.1 Digital Elevation Model (DEM) 

This research utilized a DEM called SRTM-3, which was obtained from the Shuttle 

Radar Topography Mission (SRTM) of the National Aeronautics and Space 

Administration.  The DEM plays the most important role in watershed modeling 

because it is the foundation of the watershed delineation step, and the following 

watershed simulations are based on the delineated watershed topography.  SRTM-3 

has a spatial resolution of three arc-seconds (nominal 90-meter sample spacing).  At 

first, the original DEM data downloaded from the US. Geological Survey website 

(USGS; http://dds.cr.usgs.gov/srtm/version2_1/SRTM3/) were edited using ArcGIS to 

merge separated data, reclassify the missing values, and remove pits.  Then the edited 

DEM became applicable to watershed delineation (as described in 3.2.3) and the 

following watershed model.  Figure 3.8 shows the watershed polygon, river lines, and 

59 sub-basins, which were created through the three steps listed in BASINS’s 

Automatic Watershed Delineation tool for the Johor River Watershed.  At the same 

time, the other watershed information was created, including the area of each sub-basin, 

the slope of the area, the length of each channel, and the network of channels.  Based 

on the available DEM shown in Figure 3.8, the highest elevation in the Johor River 

Watershed is 988 m. 
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Figure 3.8 Topography, river lines, and 59 sub-basins of the Johor River Watershed 

 

3.3.1.2 Land Cover Data 

Figure 3.9 shows the land cover of the Johor River Watershed.  The land cover data, 

which are called the Global Land Cover Product, were obtained from the European 

Space Agency and used in this research.  For this research, the land cover 

classifications were edited to facilitate the application of land cover data to HSPF 

using ArcGIS.  Reclassification of the land cover can reduce the number of 

parameters, meaning users can instead use their time to calibrate the model and 

facilitate its application to the target watershed.  Calibrating too many parameters 

sometimes annoys modelers because it is a time consuming and tiring step.  Several 

land cover classifications that have similar runoff and hydrologic characteristics were 

reclassified into one land cover group.  Table 3.3 shows the reclassified land cover 

groups in this research.  Nine land cover classifications have been reclassified into 

five groups: farmland, grassland, forest, water, and urban.  In this case, farmland, 
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grassland, forest, and water are included in the PERLND module, and urban is 

included in the IMPLND module. 

 

 

Figure 3.9 Land cover of the Johor River Watershed 

 

Table 3.3 Reclassification of land cover 

 

 

3.3.1.3 Weather Data 

Weather time series data, such as rainfall, temperature, and solar radiation, were 

collected and managed as Watershed Data Management (WDM) files using WDMUtil 

Classifications defined by GLCP Reclasiffication in this research

Irrigated croplands

Rainfed croplands

Mosaic croplands/vegetation

Mosaic vegetation/croplands

Open broadleaved evergreen or semi-deciduous forest

Open shrubland

Open broadleaved forest regularly flooded

Water bodies Water

Urban areas Urban IMPLND

                Land cover
Land segment in HSPF

Farmland

PERLND

Grassland

Forest
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software.  The weather and other hydrologic time series data can be stored in 

WDMUtil to facilitate managing and editing.  Since WDMUtil is compatible with 

HSPF, WDM files can be easily connected to HSPF by writing some additional codes 

in the UCI file.  In this research, the time series data of rainfall, temperature, and solar 

radiation were collected for the Johor River Watershed and stored in WDMUtil.  In 

addition, the time series of daily potential evapotranspiration were calculated by an 

equation, which is described later.   

 

a. Rainfall 

This research utilized daily gridded rainfall data from 1951 to 2007 (57 years) based on 

Asian Precipitation — Highly-Resolved Observational Data Integration Towards 

Evaluation (APHRODITE; http://www.chikyu.ac.jp/precip/) with a 0.25°resolution 

over the Johor River Watershed.  The purpose of the APHRODITE project was to 

create high-precision daily precipitation data based on the rain gauge station network 

over Asia.  The project collected observed precipitation data and improved the 

product (Yatagai et al., 2009).  In particular, the project mainly developed the 

methodologies for considering orographic rainfall, using both satellite and ground 

radar data, and evaluating extreme events.  The dataset of APHRODITE has been 

providing high-precision precipitation data, and it has recently been used in many 

hydrological analyses (Yasutomi et al., 2011; Yatagai et al., 2012; Rathore, 2014; 

Singla et al., 2014; Yatagai et al., 2014).  The high accuracy of the precipitation data 

obtained from APHRODITE has already been confirmed by several researches (e.g., 

Andermann et al., 2011; Ngo-Duc et al., 2013).   

 

There are some rain gauge stations over the Johor River Watershed.  However, these 

rain gauge stations are located in limited areas because of topographic restrictions and 
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ease of maintenance.  Local observation data used in the target watershed may not 

represent the spatial distribution of rainfall.  In addition, the rainfall data from those 

rain gauge stations were not able to be obtained in this research.  Therefore, a 

reanalyzed rainfall dataset with finer spatial resolution like the APHRODITE dataset 

will be helpful for more accurately reproducing the spatial distribution of rainfall in 

watershed modeling, even if the available local data are limited. 

 

The blue points shown in Figure 3.10 represent APHRODITE grids covering the Johor 

River Watershed.  Daily rainfall data for each grid from 1951 to 2007 were collected 

in this research and used to model the Johor River Watershed.  Figure 3.11 shows the 

average annual rainfall from 1951 to 2007, and Figure 3.12 shows average daily 

rainfall in the basin from 1951 to 2007. 

 

 

Figure 3.10 Grids of the APHRODITE (blue points) 
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Figure 3.11 Average annual rainfall obtained by APHRODITE from 1951 to 2007 in 

the Johor River Watershed 

 

 

Figure 3.12 Basin average daily rainfall obtained by APHRODITE from 1951 to 2007 

in the Johor River Watershed 
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b. Temperature and Solar Radiation 

The time series data of maximum temperature, minimum temperature, and solar 

radiation are required to calculate the potential evapotranspiration in the watershed 

using WDMUtil.  This research used Climate Forecast System (CFS) Reanalysis data 

obtained from the National Centers for Environmental Prediction (NCEP).  The CFS 

Reanalysis time series provides highly accurate weather data of high spatiotemporal 

resolution (Saha et al., 2010; NOAA National Centers for Environmental Information: 

https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/climate-forecast-sy

stem-version2-cfsv2). 

 

c. Potential Evapotranspiration 

Daily potential evapotranspiration can be calculated using the Compute/Disaggregate 

Meteorological Time Series function, which is a part of WDMUtil.  In order to 

calculate the potential evapotranspiration, users are able to select one of three 

equations: the Penman-Monteith equation, the Jensen equation, and the Hamon 

equation, as shown in Table 3.1, depending on the data availability (US. EPA, 2001).  

This research used the Jensen equation, which requires the daily data for maximum 

temperature, minimum temperature, and solar radiation, to calculate the potential 

evapotranspiration (Jensen and Haise, 1963; Steele et al., 1997; US. EPA, 2001).  For 

the potential evapotranspiration, the required data were first stored in advance in 

WDMUtil as WDM files.  Then, the latitude of the observation point was input into 

WDMUtil.  In this research, the latitude of the Rantau Panjang gauging station 

(Latitude 01 46 50) was used as the input.  Finally, the potential evapotranspiration 

was calculated using the following equation: 
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 𝐸𝑇𝑝 = (0.025𝑇𝑎 + 0.08) ×
𝑅𝑠
28.6

 (3.1)  

 

In Equation (3.1), ETp is the potential evapotranspiration (mm/day), Ta is the average 

temperature of each day (degrees Celsius), and Rs is the solar radiation (W/m
2
).   

 

3.3.1.4 Observed River Discharge Data 

Daily river discharge data observed by the Department of Irrigation and Drainage 

(DID) Johor were collected at the Rantau Panjang gauging station (Latitude 01 46 50 

and Longitude 103 44 45) from 1964 to 2010 (47 years).  In this research, the data 

were used to calibrate and verify HSPF by simply being compared to the simulation 

outputs based on some objective functions.  The details of the calibration and 

verification of the model are described in later sections. 

 

3.3.2 Parameters for Watershed Modeling using HSPF 

Parameters required for runoff simulation using HSPF were set in the UCI file.  There 

are many parameters related to rainfall-runoff characteristics in HSPF, including the 

characteristics of land cover, soil, and topography.  In order to implement runoff 

simulation using HSPF, users have to appropriately define and set all parameters based 

on the actual conditions and the collected data of the target watershed in the UCI file.  

At the same time, users need to connect weather data, which are stored as WDM files 

in WDMUtil, to the UCI file.  Finally, HSPF can simulate the hydrologic processes in 

the target watershed, and be utilized for further scenario simulations.   
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The UCI file contains some operational blocks.  Table 3.4 shows names of the main 

operational blocks and their descriptions.  The PERLND block, the IMPLND block, 

and the RCHRES block are particularly important for runoff simulation using HSPF, 

and the parameters in these blocks have to be carefully set by users.  The details of 

the parameters in these blocks are described below.   

 

Table 3.4 Structure of the UCI file 

 

 

3.3.2.1 Parameters in PERLND Block 

In the PERLND Block, parameters related to the pervious land segment are set.  Table 

3.5 shows the parameters in the PERLND Block.  Since this research focuses on the 

rainfall-runoff simulation, it summarizes the parameters related to the hydrologic cycle.  

Many parameters have to be defined and set by users.  It would, therefore, be difficult 

for users to appropriately set all parameters.  In this regard, the parameter 

optimization method has often been used to set parameters (e.g., Al-Abed and Whiteley, 

2002; Doherty and Johnston, 2003; Angélica and Richard, 2005; Kim et al., 2007).  

This research formulated the parameter optimization algorithm for HSPF and used it to 

set parameters.  The next subsection describes the details of the parameter 

optimization algorithm.   

 

Block Name Descriptions

GLOBAL Determines global information which is applied to every operation

FILES Specifies input and output files

OPN SEQUENCE Specifies and sets the operations which are performed in HSPF

PERLND Sets parameters in the PERLND module

IMPLND Sets parameters in the IMPLND module

RCHRES Sets parameters in the RCHRES module

FTABLES Specifies the depth-volume-discharge relashionship for the RCHRES operations

SCHEMATIC Specifies sturucture of a watershed

EXT SOURCES Connects to the WDM files which are INPUT to HSPF

EXT TARGETS Connects to the WDM files which are OUTPUT from HSPF

MASS-LINK Specifies time series combined with network connections defined in the SCHEMATIC Block
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3.3.2.2 Parameters in IMPLND Block 

Table 3.6 shows the parameters related to the hydrologic cycle in the IMPLND Block.  

Parameters related to the impervious land segment are set in the IMPLND Block.  

Infiltration of water into the ground is not considered in the IMPLND Block.  

Therefore, there are fewer required parameters than in the PERLND Block, and they 

are basically related to overland flow and surface runoff.   

 

Table 3.6 Main parameters in the IMPLND block 

 

 

3.3.2.3 Parameters in RCHRES Block 

Table 3.7 shows the parameters in the RCHRES Block.  In the RCHRES Block, 

several parameters, such as LEN (Length of the RCHRES) and DELTH (Difference of 

elevation between the upstream extremity and the downstream extremity), were 

already defined based on DEM when users created the UCI file using BASINS.  

Therefore, users only have to set a few parameters in the RCHRES Block (e.g., DB50, 

which specifies the median diameter of the bed sediment).    

 

Table 3.7 Main parameters in the RCHRES block 

Section Parameter Name Description Unit

LSUR Length of the assumed overland flow plane m

SLSUR Mean slope -

NSUR Manning's N for the overland flow plane -

RETSC Retention (interception) storage capacity of the surface mm

IWAT-PARM2

Section Parameter Name Description Unit

LEN Length of the RCHRES km

DELTH Difference of elevation between the upstream and the downstream of the RCHRES m

STCOR Correction to the RCHRES depth to calculate stage m

KS Weighting factor for hydraulic routing -

DB50 Median diameter of the bed sediment mm

HYDR-PARM2
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3.3.3 Parameter Optimization Algorithm using Parameter ESTimation (PEST)  

Since there are many parameters that have to be defined and set by users, parameter 

optimization methods can facilitate the model calibration process.  The PEST package, 

which provides various efficient optimization algorithms, was used in this research to 

calibrate the parameters of HSPF.  PEST is subsidiary software that is compatible 

with HSPF.  The algorithms were proven and utilized in various optimization cases 

(Al-Abed and Whiteley, 2002; Doherty and Johnston, 2003; Angélica and Richard, 

2005; Doherty, 2005; Kim et al., 2007; Al-Abed and Al-Sharif, 2008; Doherty, 2008; 

Abdulla et al., 2009; Skahill et al., 2012; Doherty, 2013; Doherty, 2014; Kim et al., 

2014).   

 

3.3.3.1 Process of Parameter Optimization 

The conceptual diagram of calibration procedures that use PEST and its peripheral 

software are shown in Figure 3.13.  To use PEST to calibrate HSPF, users primarily 

need the PEST control file.  The Time Series PROCessor package (hereafter, 

TSPROC) is a helpful tool for facilitating the process of making the PEST control file 

and performing parameter optimization in PEST.  TSPROC is a time series processor 

that has the ability to manage various types of observed and simulated time series and 

automates the generation of the PEST control file (Westenbroek et al., 2012). 

 

In the parameter optimization process, the WDM file and the UCI file, which were 

already prepared for implementing HSPF, are required to set up TSPROC and PEST.  

The outputs from HSPF are basically written in Data Set Number (DSN), which is a 

specific data format for WDM, and the output data have to be read in PEST.  The 

model instruction file (.INS) indicates how PEST systematically reads this model 

output file (.OUT).  PEST cannot read the HSPF outputs if this indication is off the 
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mark.  Thus, users have to carefully set and check this instruction file. 

 

The model template file (.TPL) is also important for specifying parameters that would 

be optimized through the optimization procedure.  When PEST is used for HSPF, 

most of the codes in the model template file are similar to those in the UCI file.  The 

model template file defines and determines the adjustable target parameters.  

Additionally, PEST will recognize HSPF input after reading this file and then be 

implemented.  If the model template file is not set in the appropriate format, all 

observations and parameters will become insensitive.  Therefore, users must pay 

special attention to this file. 

 

After that, the initial parameter file is prepared for TSPROC.  This file defines the 

target parameters for optimization and assigns the initial parameter values to TSPROC, 

PEST, and HSPF.  In this file, users have to decide on the initial parameter values and 

the transformation type, lower bound, upper bound, and weight of each.  TSPROC, 

PEST, and HSPF will read the parameter information from the initial parameter file.   

 

After successfully implementing TSPROC, the UCI and WDM files are again 

connected to the PEST control file when the user specifies the connections among 

these files in the PEST control file.  Other software packages, such as inschack, 

tempcheck, and pestcheck, are able to check the formats of the model instruction file, 

the model template file, and the PEST control file, respectively.  If any mistakes are 

made in these files, these software packages will be able to detect the errors. 

 

Finally, PEST implements iterative improvements of parameter values until the global 

optimization point is found.  In this research, twelve parameters were selected from 
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the PERLND Block based on the sensitivity analyses conducted by Hayashi (2013) and 

Yazawa (2014) for parameter optimization.  Table 3.8 shows the selected parameters 

for the parameter optimization and their initial values, optimized values, lower bounds, 

and upper bounds.  In particular, this research differentiated the parameters of LZSN 

and INFILT into four patterns depending on the land cover because these parameters 

were clarified as two of the parameters most sensitive to peak discharge in the 

PERLND Block (Hayashi, 2013; Yazawa, 2014; Mizuochi, 2016). 

 

 

Figure 3.13 Conceptual diagram of the parameter optimization process using PEST 
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Table 3.8 Parameters optimized in this research  

 

 

3.3.3.2 Parameter Estimation and Optimization Methods 

PEST employs three primary mathematical parameter estimation and optimization 

methods: the Gauss-Marquardt-Levenberg Method, the Shuffled Complex Evolution 

Method, and the Covariance Matrix Adaptation Method.  The details of these three 

methods are written in the PEST User’s Manual (Doherty, 2005).   

 

This research used the Gauss-Marquardt-Levenberg algorithm in PEST for the Johor 

River Watershed.  A conceptual diagram of the Gauss-Marquardt-Levenberg Method 

is shown in Figure 3.14.  This method is a combination of the Steepest Descent 

Method and the Gauss-Newton Method.  There are two problems with the 

independent use of the Steepest Descent Method.  First, it takes relatively much time, 

and sometimes the result easily reaches the local optimization point.  Second, 

sometimes the problem of hemstitching (Figure 3.15) occurs, which indicates that the 

global optimization point cannot be found, and the iteration lasts forever.  The 

Gauss-Newton Method is faster than the Steepest Descent Method, but it also has the 

same problem with easily converging at the local optimization point.  Therefore, if 

parameter optimization using the Gauss-Newton Method does not converge at the 

Parameter Name Description Initial Value Optimized Value Lower Bound Upper Bound

irc As in Table 3.5 0.5 0.5 0.01 0.99

lzsn1 LZSN for Farmland 500.0 200.6 0.25 2,500

lzsn2 LZSN for Forest 500.0 2288.8 0.25 2,500

lzsn3 LZSN for Grassland 500.0 4.3 0.25 2,500

lzsn4 LZSN for Water 500.0 256.6 0.25 2,500

infilt1 INFILT for Farmland 60.0 79.0 0.0025 2,500

infilt2 INFILT for Forest 60.0 56.0 0.0025 2,500

infilt3 INFILT for Grassland 60.0 90.4 0.0025 2,500

infilt4 INFILT for Water 60.0 2.4 0.0025 2,500

intfw As in Table 3.5 2.0 4.3 0.0001 2,500

uzsn As in Table 3.5 10.0 1.7 0.25 250

nsur As in Table 3.5 0.3 0.8 0.01 0.8
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global optimization point, PEST would use the Steepest Descent Method and roughly 

search for the global optimization point.  Then, when the objective function comes 

close to the global optimization point, PEST will use the Gauss-Newton Method again 

and try to find it.   

 

 

Figure 3.14 Iterative improvements of initial parameter values toward the global 

optimization point (Doherty, 2005) 

 

 

Figure 3.15 The phenomenon of hemstitching (Doherty, 2005) 
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3.3.3.3 Objective Function and Termination Criteria  

In PEST, the sum of squared weighted residuals is used as the objective function.  

PEST tries to lower the objective function as far as it can be lowered and minimizes 

the difference between observed and simulated values by adjusting parameter values.  

PEST improves the parameter values and iterates its optimization process until the sum 

of squared weighted residuals, that is, the objective function, becomes the minimum 

value.  At the same time, PEST measures one more criterion, the correlation 

coefficient, to check the goodness-of-fit between observed and simulated values.  

Since the correlation coefficient is independent of the number of observed values in the 

parameter estimation process, unlike the sum of squared weighted residuals, it allows 

for direct comparison of the results of different parameter estimation exercises 

(Doherty, 2005).  The correlation coefficient R is calculated using the following 

equation: 

 

 𝑅 =  
∑(𝑤𝑖𝑐𝑖 −𝑚)(𝑤𝑖𝑐𝑜𝑖 −𝑚𝑜)

[∑(𝑤𝑖𝑐𝑖 −𝑚)(𝑤𝑖𝑐𝑖 −𝑚)∑(𝑤𝑖𝑐𝑜𝑖 −𝑚𝑜)(𝑤𝑖𝑐𝑜𝑖 −𝑚𝑜)]1/2
 (3.2) 

 

In Equation (3.2), ci is the ith observation value, coi is the model simulated counterpart 

to the ith observation value (ci), m is the mean value of weighted observations, mo is 

the mean of weighted model simulated counterparts to observations, and wi is the 

weight associated with the ith observation.  The value of R, which is greater than 0.9, 

is generally regarded as an acceptable value for the goodness-of-fit between simulated 

and observed values (Hill, 1998; Doherty, 2005). 
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3.4 Watershed Analysis 

In this section, some watershed analyses targeting the Johor River Watershed are 

performed to grasp the characteristics of river and climate based on collected 

watershed information data such as topography and weather data.  Through 

comprehensive understanding of the watershed characteristics, underlying problems 

and causes related to the floods in the Johor River Watershed can be inspected and 

become clear.   

 

3.4.1 Topographical Characteristics of Johor River Watershed 

The Johor River Watershed is located in the southern part of Peninsular Malaysia.  

This watershed plays a very important role in terms of water supply for both the Johor 

district and Singapore.  In this subsection, the characteristics of the Johor River 

Watershed are compared with the other primary Malaysian watersheds, the Selangor 

River Watershed and the Langat River Watershed, to facilitate understanding of the 

situations in the Johor River Watershed.  The Selangor River Watershed and Langat 

River Watershed are located in the state of Selangor, which includes the federal 

territories of Kuala Lumpur (KL) and Putrajaya (Figure 3.16).   

 

Figure 3.16 Selangor and Langat River watersheds in Selangor state (Kondo, 2016) 
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Water resources in the capital area (KL) have been supported by the abundant water 

supplied by these two watersheds.  The amount of treated water supplied by the 

Selangor and Langat rivers to the capital area is up to 67.0% and 25.7%, respectively.  

Of the water in the capital area, 7.3% comes from the Klang River Watershed, which is 

also located in Selangor (Kondo, 2016).  Since the Selangor and Langat River 

Watersheds are significant water resources for the capital area and thus known as very 

important watersheds in Malaysia as well as the Johor River Watershed, many 

researches have focused on water-related issues (e.g., flash flood, drought, 

sedimentation, and water pollution) in these watersheds.   

 

Table 3.9 shows the characteristics of the mainstream in the each watershed, which are 

length, the highest point, mean width, and mean depth (Yazawa, 2014; Yazawa and 

Shimizu, 2014; Kawata, 2015; Kondo, 2016).  These river characteristics were 

calculated based on DEM and therefore indicate the natural states of the watersheds.  

This means that Table 3.9 implies the river conditions without having the effects of 

river improvements such as embankment.  Figure 3.17 shows the elevation of each 

mainstream from the river mouth.  The highest point, which means the uppermost 

stream of the mainstream, is 46 m for the Johor River, 620 m for the Selangor River, 

and 223 m for the Langat River.  These rivers have almost the same lengths, yet their 

highest points are totally different.  This implies that the slope of each river is 

different.  Figure 3.18 shows the changes of the slope in each mainstream from the 

river mouth.  The Johor River in particular has a gentle slope compared with the other 

two rivers.  Actually, this gentle slope causes slower flow velocity in the mainstream 

of the Johor River Watershed than the other two watersheds.  In addition, it is obvious 

that the Johor River has a relatively narrow width and shallow depth compared to the 

other two rivers based on Table 3.9.  Figure 3.19 shows the changes in the 
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cross-sectional area throughout the Johor River.  In addition to the Johor River’s 

gentle slope, some parts of the river have significantly small cross-sectional areas.  

Thus, the physical characteristics of the Johor River, including gentle slope, slow flow 

velocity, and unique channel geometry (i.e., small cross-sectional area), are strongly 

related to its water capacity and cause frequent floods when seasonal heavy rains occur 

(MSMA, 2012).  

 

Figure 3.20 shows the spots in the Johor River Watershed that are vulnerable to 

flooding based on the consideration of both the slope and the cross-sectional area 

shown in Figure 3.19.  These spots strongly match the flood map published by DID in 

2009, and they may easily collapse when intense rainfall occurs.  In particular, the 

spot in the upper stream of Kota Tinggi, where water overflowed the most in the flood 

events of 2006 and 2007, is one of the most vulnerable spots in the Johor River 

Watershed.  Therefore, river improvements, such as embankment, in these areas will 

effectively mitigate flood damage. 

 

Table 3.9 Characteristics of the mainstream in each watershed 

 

Johor River Selangor River Langat River

Length of mainstream (km) 122.7 110.0 96.3

The highest point of mainstream (m) 46.0 620.0 223.0

Mean width of mainstream (m) 6.1 8.3 9.3

Mean depth of mainstream (m) 0.3 0.4 0.5

Catchment area (km
2
) 1,655.0 1,937.0 2,350.0
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Figure 3.17 Elevation of three mainstreams from the river mouth 

 

 

Figure 3.18 Changes of slope in three mainstreams 
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Figure 3.19 Cross-sectional area and slope of the Johor River 

 

 

Figure 3.20 Spots vulnerable to flooding in the Johor River Watershed 

 

The time of concentration is defined as the amount of time it takes for a drop of water 

that falls in the most remote part of a drainage basin to travel to the outlet point.  The 

time of concentration can be calculated based on the river characteristics described 



89 

 

above.  Although the time of concentration is a general factor that indicates one of the 

characteristics of a watershed, it plays an important role in determining the duration of 

the design storm in design flood estimation.  For natural watersheds, the time of 

concentration can be simply and roughly estimated using the Bransby-Williams’ 

Equation (MSMA, 2012).  The Bransby-Williams’ Equation is one of the most widely 

used methods, which is described as follows: 

 

 𝑡𝑐 =
𝐹𝑐 × 𝐿

𝐴1 10⁄ × 𝑆1 5⁄
 (3.3) 

 

In Equation (3.3), 𝑡𝑐 is the time of concentration (minute), 𝐴 is a watershed area 

(km
2
 or ha), 𝑆 is a slope of the main channel (m/km), 𝐹𝑐 is a conversion factor that is 

58.5 when area 𝐴 is in km
2
 or 92.5 when area 𝐴 is in ha, and 𝐿 is a gross length of 

the main channel (km). 

 

Table 3.10 shows the value of each parameter for estimating the time of concentration 

using the Bransby-Williams’ Equation.  The estimated time of concentration in each 

river watershed is also shown in Table 3.10.  The Johor River Watershed has a 

relatively small catchment area (𝐴) against the length of mainstream (𝐿) and an 

overwhelmingly gentle slope (𝑆) compared to the other two watersheds.  Therefore, 

the time of concentration (𝑡𝑐) is 2.9 days, which is approximately twice as long as the 

other two watersheds.  Given that the Bransby-Williams’ Equation does not take the 

overland flow into consideration and only calculates flow time within the main channel, 

it would slightly underestimate the time of concentration.  Thus, the actual time of 

concentration would be longer than these estimations.   
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Since the time of concentration has been conventionally used as the design storm 

duration for design flood estimation, this specific characteristic should be carefully 

considered in Chapter 4, which estimates design flood values in the Johor River 

Watershed. 

 

Table 3.10 The time of concentration in three major watersheds in Malaysia 

 

 

3.4.2 Rainfall Characteristics of Johor River Watershed 

In subsection 2.2.3 of Chapter 2, the rainfall trends were reviewed and summarized 

based on the literature.  In this subsection, the rainfall characteristics and trends of the 

Johor River Watershed are investigated based on the APHRODITE rainfall data 

collected between 1951 and 2007. 

 

3.4.2.1 Determination of a Rainy Day 

Determining the threshold of rainfall (δ mm/day) used to define a rainy day is 

important to track the occurrence of rainy days (Muhammad, 2013).  A day that 

receives rainfall below the threshold value will be regarded as a rainless (dry) day.  

Determining the threshold is strongly related to the homogeneity of the daily rainfall 

sequence (Buishand, 1977).  In previous researches, the threshold of a rainy day was 

highly dependent on the researchers.  For example, Deni et al. (2009b) and Deni et al. 

Johor River Selangor River Langat River

Fc 58.5 58.5 58.5

L (km) 122.7 110.0 96.3

A (km
2
) 1,655.0 1,937.0 2,350.0

S (m/km) 0.4 5.6 2.3

tc (mins) 4,162.3 2,136.2 2,191.5

tc (hours) 69.4 35.6 36.5

tc (days) 2.9 1.5 1.5
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(2009c) used 0.1 mm/day; Sun et al. (2006), Endo et al. (2009), Suhaila et al. (2010), 

Zin et al. (2010), and Kwan et al. (2013) used 1 mm/day; and Manton et al. (2001) 

used 2 mm/day as rainy day thresholds.  These researchers did not mention set criteria 

for determining these rainfall threshold values.  Then, Wijngaard et al. (2003) and 

Muhammad (2013) used the Von Neumann (1941) ratio to measure the homogeneity of 

weather time series data such as precipitation and temperature.  The Von Neumann 

ratio is the ratio of the mean square successive difference to the variance, and its 

performance in testing the homogeneity of time series data has already been confirmed 

by Bartels (1982).  Based on the Von Neumann ratio, Wijngaard et al. (2003) set 1 

mm/day and Muhammad (2013) set 0.1 mm/day as rainy day thresholds for European 

countries and Subang Airport in Malaysia, respectively.  Previous researchers that 

used the Von Neumann ratio to measure the homogeneity of the time series and 

determine the threshold of rainfall did not focus on the threshold of a rainy day on a 

watershed scale.  Therefore, in this research, the threshold of rainfall that defines a 

rainy day was first determined by applying the Von Neumann ratio to rainfall data in 

the Johor River Watershed.  Then, investigations of rainfall characteristics and trends 

were conducted.  The Von Neumann ratio (N) is calculated using the following 

equation (Muhammad, 2013): 

 

 𝑁 =  
∑ (𝑌𝑡 − 𝑌𝑡+1)

2𝑛−1
𝑡=1

∑ (𝑌𝑡 − �̅�)2
𝑛
𝑡=1

; 𝑡 = 1,… , 𝑛  (3.3) 

 

In Equation (3.3), Yt and Yt+1 are the annual series to be tested and �̅� is the mean of 

the annual series.  If the time series is completely homogeneous, the value of N will 

be 2.  On the other hand, if the value of N is less than 2, the time series will have an 

increasing trend or slow oscillations.  If the value of N is larger than 2, the time series 
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will have rapid oscillations (Bingham and Nelson, 1981).  Table 3.11 shows the 1% 

and 5% critical values for N when the Von Neumann ratio is a function of the number 

of samples (n) (Muhammad, 2013).  The critical values of N for n ≤ 50 are taken from 

Owen (1962), and the critical values of N for n = 70 and n = 100 are based on a study 

conducted by Buishand (1981). 

 

Table 3.11 1% and 5% critical values of the Von Neumann ratio (N) 

 

 

In this research, determination of the threshold of a rainy day followed the 

methodology used by Muhammad (2013).  The Von Neumann ratio test was 

conducted for both the total annual rainfall and the number of annual rainy days.  Six 

different daily rainfall values, 0.1, 1.0, 2.5, 5.0, 10.0, and 20.0 mm/day, were selected 

as representative thresholds for the test.  Tables 3.12 and Table 3.13 show the 

statistics, including the values of the Von Neumann ratio, for the total annual rainfall 

and the number of annual rainy days, respectively.  When the smallest threshold, 0.1 

mm/day, is selected, both the mean total annual rainfall and mean number of annual 

rainy days are at their highest.  In contrast, they have considerably smaller values 

when the largest threshold, 20.0 mm/day, is selected.  A day that receives less rainfall 

than the threshold is regarded as a rainless day.  Therefore, when a larger threshold 

value is assigned, more days are considered dry days.  This means that if a larger 

threshold is selected, the amount of annual rainfall and occurrence of rainy days will 

be underestimated.  When the statistics of both the total annual rainfall and the 

number of annual rainy days were considered simultaneously, the threshold of 1.0 

mm/day showed reasonable results.  If the threshold of 0.1 mm/day is selected, the 

n 20 30 40 50 70 100

1% 1.04 1.20 1.29 1.36 1.45 1.54

5% 1.30 1.42 1.49 1.54 1.61 1.67
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value of the Von Neumann ratio for the number of annual rainy days exceeds the 1% 

and 5% significance levels.  Therefore, 1.0 mm/day was selected as the threshold of a 

rainy day in the Johor River Watershed.  In the following analyses, various rainfall 

trends are investigated based on rainy days that exceed 1.0 mm/day. 

 

Table 3.12 Statistics for the total annual rainfall 

 

 

Table 3.13 Statistics for the number of annual rainy days 

 

 

3.4.2.2 Annual Rainfall Trend 

The total annual rainfall trend in the Johor River Watershed from 1951 to 2007 is 

shown in Figure 3.21.  The mean total annual rainfall during this period was 2,131.3 

mm.  The trend did not change throughout the period.  The maximum total annual 

rainfall was recorded in 1967 at 2,926.4 mm/year.  The year 1967 is known as a major 

year in which big floods occurred on the east coast of Peninsular Malaysia, including 

Threshold

(mm)

Mean

(mm)

Percentage

difference

Standard

deviation

(mm)

Skewness

Von

Neumann

Ratio (N )

0.1 2,158.3 308.5 0.34 2.06

1.0 2,131.3 1.3 309.3 0.33 2.06

2.5 2,039.2 5.5 313.8 0.29 2.02

5.0 1,848.3 14.4 318.8 0.24 1.93

10.0 1,423.7 34.0 325.4 0.34 1.87

20.0 779.1 63.9 296.2 0.62 1.47

Threshold

(mm)

Mean

(days)

Percentage

difference

Standard

deviation

(days)

Skewness

Von

Neumann

Ratio (N )

0.1 303 27 -0.43 1.20

1.0 239 21.2 23 -0.08 1.74

2.5 183 39.6 19 -0.74 2.01

5.0 130 57.2 15 -0.51 1.92

10.0 70 76.9 13 -0.34 2.11

20.0 24 92.1 8 0.10 1.56
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the Johor district (Chan, 1995 and 1997; Ghorbani et al., 2016).  On the other hand, 

the minimum total annual rainfall was recorded in 2004 at 1,366.6 mm/year.  

However, the year 2004 is also known as a year in which floods occurred on the east 

coast of Peninsular Malaysia in the Northeast (NE) monsoon season (Shaluf and 

Ahmadun, 2006).  This means that the total annual rainfall is not always directly 

related to the occurrence of flooding in the Johor River Watershed.  Even if the total 

annual rainfall is lower than that in other years, flooding could occur in this region 

depending on the season.  In order to investigate the details of these situations, the 

daily rainfall records of 1967 and 2004 are analyzed below.   

 

 

Figure 3.21 Trend of total annual rainfall from 1951 to 2007 in the Johor River 

Watershed 

 

Figures 3.22 and 3.23 show the daily rainfall records in 1967 and 2004, respectively.  

The year 1967 and 2004 recorded the maximum and minimum total annual rainfall, 

respectively, as shown in Figure 3.21.  In 1967, several rainy days of high intensity, 

which means more than 50 mm/day, were confirmed in the NE monsoon season (e.g., 

113.8 mm/day on December 15 and 140.5 mm/day on December 30).  These 
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high-intensity rainfall events can easily cause flooding in the region.  In 2004, on the 

other hand, the maximum rainfall intensity in the NE monsoon season was 

significantly lower (e.g., 13.4 mm/day on November 7) than that in the year 1967.  

However, from the end of October to the beginning of November, a prolonged rainfall 

event occurred that lasted 32 days.  The total rainfall was 239.6 mm during these 32 

consecutive rainy days.  As introduced in Chapter 1, multiday rainfall events are very 

common in the monsoon season, and these prolonged events cause floods in Malaysia.  

Therefore, rainfall duration is one of the main concerns in the Johor River Watershed. 

 

Figure 3.22 Daily rainfall records in 1967 in the Johor River Watershed 

 

 

Figure 3.23 Daily rainfall records in 2004 in the Johor River Watershed 
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Figures 3.24 and 3.25 show the trends of the number of rainy and dry days, 

respectively, from 1951 to 2007 based on a 1.0 mm/day rainy day threshold.  

According to these results, an increased trend of the number of rainy days and a 

decreased trend of the number of dry days are obvious.  Since the trend of total 

annual rainfall has not changed since 1951, these trends imply that more prolonged 

rainfall events of relatively low intensity have occurred in recent years. 

 

 

Figure 3.24 Trend of the number of rainy days from 1951 to 2007 in the Johor River 

Watershed 

 

Figure 3.25 Trend of the number of dry days from 1951 to 2007 in the Johor River 

Watershed 
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3.4.2.3 Monthly Rainfall 

Investigating the monthly rainfall trend is important for understanding the significant 

characteristics of rainfall in the Johor River Watershed.  Figure 3.26 shows the mean 

total monthly rainfall from 1951 to 2007 in the Johor River Watershed.  Mean 

monthly rainfall throughout this period was 177.6 mm.  As mentioned in Chapter 2, 

Malaysia receives the most rainfall in the NE monsoon season (from November to 

March), and Figure 3.26 displays this trend very well.  In order to investigate the 

historical changes, the observation period is divided into three from 1951 to 1969 (P1), 

1970 to 1988 (P2), and 1989 to 2007 (P3).  The significant historical trends are not 

confirmed within these terms, as shown in Figure 3.27.  This means that the seasonal 

rainfall trend and total annual rainfall trend have not changed since 1951, which is 

obviously confirmed based on the rainfall data that also indicates that the NE monsoon 

season is historically receiving the most rainfall. 

 

 

Figure 3.26 Mean total monthly rainfall from 1951 to 2007 in the Johor River 

Watershed 
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3.4.2.4 Daily Rainfall 

The daily rainfall data, which were obtained by APHRODITE from 1951 to 2007 in 

the Johor River Watershed, include 20,805 days (excluding leap days).  The number 

of rainy days that exceed the threshold of 1.0 mm/day is 13,612 for this period.  The 

average daily rainfall in this period was 5.99 mm/day.  Muhammad (2013) estimated 

the number of wet run lengths observed at Subang Airport, which is located near Kuala 

Lumpur, to investigate the occurrence of multiday rainfall events.  This research 

applied the same method to the daily rainfall data of the Johor River Watershed.  

Figure 3.28 shows the estimated numbers of wet run lengths in the Johor River 

Watershed, and Figure 3.29 shows the probability distribution based on those estimates.  

In total, there are 3,508 wet run lengths.  Based on the statistics, 1,088 of the wet run 

lengths that are approximately 31% of the total are single rainy days.  The rest of the 

wet run lengths are not single rainy days.  This means that approximately 69% of the 

wet run lengths are equal to or more than 2 consecutive rainy days.  Thus, multiday 

rainfall events are dominant in the Johor River Watershed. 
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Figure 3.28 Numbers of wet run lengths in the Johor River Watershed 

 

 

Figure 3.29 Probability distribution of wet run lengths in the Johor River Watershed 

 

Muhammad (2013) also estimated the conditional probability to investigate whether 

the occurrence of random events is statistically independent or dependent.  The 

conditional probability is able to check whether rainfall events are dependent on the 
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weather (rainy or dry) of the previous day and to confirm whether multiday rainfall 

events occur easily by analyzing the probability structure.  On any random day (t-th 

day), where R and D denote a rainy day and a dry day, respectively, let P(R) and P(D) 

represent the probability of rainy and dry days, respectively.  Then, the conditional 

probabilities are estimated using the following equations: 

 

 𝑃(𝑋𝑡 = 𝑅|𝑋𝑡−1 = 𝐷) =
𝑃(𝑅 ∩ 𝐷)

𝑃(𝐷)
 (3.4) 

 𝑃(𝑋𝑡 = 𝑅|𝑋𝑡−1 = 𝑅) =
𝑃(𝑅 ∩ 𝑅)

𝑃(𝑅)
 (3.5) 

 𝑃(𝑋𝑡 = 𝐷|𝑋𝑡−1 = 𝑅) =
𝑃(𝐷 ∩ 𝑅)

𝑃(𝑅)
 (3.6) 

 𝑃(𝑋𝑡 = 𝐷|𝑋𝑡−1 = 𝐷) =
𝑃(𝐷 ∩ 𝐷)

𝑃(𝐷)
 (3.7) 

 

In Equations (3.4) to (3.7), 𝑋𝑡 is any random t-th day.   

 

If the following conditions are true, R and D are independent: 

 

 𝑃(𝑋𝑡 = 𝑅|𝑋𝑡−1 = 𝐷) = 𝑃(𝑅) if 𝑃(𝐷) > 0 (3.8) 

 𝑃(𝑋𝑡 = 𝐷|𝑋𝑡−1 = 𝑅) = 𝑃(𝐷) if 𝑃(𝑅) > 0 (3.9) 

 

This research mainly focuses on the occurrence of multiday rainfall events.  

Therefore, only Equation (3.5) is applied to the frequency of the rainy days to estimate 

the conditional probability of consecutive rainy days in the Johor River Watershed.  

Figure 3.30 shows the frequency of rainy days and the estimated conditional 

probability of consecutive rainy days from 1 to 15.  As described above, 13,612 out of 

the 20,805 days from 1951 to 2007 were rainy days.  This means that more than 65% 
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of the days during that period were rainy days.  The estimated probability of rain on 

any random day is approximately 0.654 in the Johor River Watershed.  Based on the 

conditional probability theory described by Muhammad (2013), if day-to-day rainfall 

is independent in the research area, the probability of rain on any day will remain 

constant at 0.654 (as shown by the red line in Figure 3.30).  However, the conditional 

probability increases when the number of consecutive rainy days increases, particularly 

up to 8 consecutive rainy days, as shown by the red dots in Figure 3.30.  For example, 

the probability of rain increases from 0.654 for a single rainy day to 0.743 for 2 

consecutive rainy days and 0.803 at 8 consecutive rainy days.  It is obvious that the 

probability of rain is not constant in Figure 3.30.  Therefore, the results indicate the 

rainfall events are dependent in the Johor River Watershed.  That is, the occurrence of 

rain on a given day affects the probability of rain on the following day.  Thus, in 

addition to the high probability of rain in the Johor River Watershed in the first place, a 

rainy day that is confirmed in the watershed tends to continue for several days.  Thus, 

multiday rainfall events easily occur.    

 

Figure 3.30 Conditional probability of consecutive rainy day in the Johor River 

Watershed 
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3.5 Runoff Simulation 

Recently, distributed watershed models have become popular tools for runoff 

simulation due to the development of computers.  Since extreme flood is one of the 

most serious problems in Malaysia nowadays, appropriate hydrological simulation 

models are needed to simulate peak discharge, time to peak, and volume of water 

(Abdullah et al., 2015; Julien et al., 2015).  If the model can successfully simulate the 

flood events, it will become a powerful tool for validating effective river management.  

In this section, runoff simulations using HSPF are conducted to confirm the model’s 

performance and ensure the latter future scenario simulations in the Johor River 

Watershed. 

 

3.5.1 Target Point of Runoff Simulation 

Figure 3.31 indicates the target point of runoff simulation for this research.  This 

research set the simulation point at the outlet of the upper sub-basin of Kota Tinggi.  

This spot is one of the spots in the Johor River that are vulnerable to flooding, as 

shown in Figure 3.20.  Kota Tinggi is a city located downstream of the Johor River.  

When two devastating floods occurred from December 2006 to January 2007, the 

Johor district received extreme damage.  In the Johor River Watershed, Kota Tinggi 

suffered severe damage, as shown in Figure 3.32 (DID, 2009).  During these events, 

the observed maximum water levels at Kota Tinggi were reportedly up to 5.0 m in 

December 2006 and 5.5 m in January 2007.  In this area, the dangerous, alert, and 

normal water levels are 2.8, 2.5, and 2.1 m, respectively (Abdullah, 2013).  Therefore, 

most of the city was flooded, and many residents had to be evacuated.  Tables 3.14 

and 3.15 show the damage caused by the floods in December 2006 and January 2007, 

respectively (Shafie, 2009). 
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Figure 3.31 Target point for runoff simulation in the Johor River Watershed 

 

 

Figure 3.32 Floods occurred from December 2006 to January 2007 at Kota Tinggi 

(DID, 2009) 

 

Table 3.14 Damage caused by the flood in December 2006 (Shafie, 2009) 

 

Male Female Male Female Male Female

Johor Bahru 48 2,373 11,724 1,920 1,953 1,021 986 84 83

Muar 126 6,432 30,287 10,471 10,510 3,851 3,521 498 416

Batu Pahat 118 5,419 25,097 7,032 7,225 3,444 3,188 521 388

Segamat 72 2,442 10,286 2,416 3,444 1,209 1,025 179 102

Kluang 70 3,147 13,828 4,423 4,549 1,359 1,803 154 106

Pontian 34 827 3,756 1,197 1,254 622 607 42 39

Kota Tinggi 36 1,165 5,243 1,748 1,811 734 712 125 113

Mersing 10 286 1,297 392 441 202 202 28 32

Johor 514 22,091 101,518 29,599 31,187 12,442 12,044 1,631 1,279

District
Relief

Shelters
Family

The Number of

Evacuated People

The Number of Evacuated People by Gender and Age

Adult Children Infant
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Table 3.15 Damage caused by the flood in January 2007 (Shafie, 2009) 

 

 

3.5.2 Target Events for Model Calibration and Verification  

In this research, three historical flood events shown in Table 3.16 were selected as the 

events for the calibration and verification of HSPF.  As mentioned in 3.3.1.4, daily 

river discharge data observed by the Department of Irrigation and Drainage Johor at 

Rantau Panjang gauging station (Latitude 01 46 50 and Longitude 103 44 45) were 

prepared.  Then, the parameter optimization algorithm formulated in 3.3.3 was 

applied to three flood events. The period of each event is three weeks, including 

warm-up time for simulation.  During the process of the parameter optimization, the 

algorithm was applied to one event first, and the iterative improvements were carried 

out until the value of objective function became as small as possible.  The sum of 

squared weighted residuals was used as the objective function, as described in 3.3.3.3.  

At the same time, the goodness-of-fit between observed and simulated values was 

evaluated by checking the correlation coefficient.  After the global optimization point 

was successfully found by the iteration and the model was well calibrated, the 

optimized parameters of each event were then applied to the other two flood events for 

verification.  Finally, one parameter set that showed the best performance for all three 

flood events was selected as the final set.   

Male Female Male Female Male Female

Johor Bahru 43 3,133 15,229 2,347 2,069 1,087 1,037 93 145

Muar 26 979 4,233 1,357 1,391 652 689 86 58

Batu Pahat 164 12,704 55,282 18,814 19,118 7,888 7,414 1,267 948

Segamat 34 2,314 8,748 3,132 3,157 1,186 1,055 140 107

Kluang 59 4,737 19,210 6,335 6,365 2,259 2,014 237 189

Pontian 37 1,339 5,583 1,934 2,000 741 764 85 59

Kota Tinggi 44 2,488 11,482 3,867 3,845 1,516 1,421 260 222

Mersing 20 1,053 4,517 1,495 1,591 665 590 92 101

Johor 427 28,747 124,284 39,281 39,536 15,994 14,984 2,260 1,829

District
Relief

Shelters
Family

The Number of

Evacuated People

The Number of Evacuated People by Gender and Age

Adult Children Infant
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Table 3.16 Events used for calibration and verification 

 

 

3.5.3 Evaluation of Model Performance  

Evaluating the hydrologic model’s performance is commonly done by comparing 

simulated and observed values.  It is important for modelers to evaluate the model’s 

performance to provide a quantitative estimate of the model’s ability to reproduce 

historic events (Krause et al., 2005).  A well evaluated and validated model can 

guarantee the succeeding simulations.  Comparing simulated and observed 

hydrographs is the most fundamental approach to investigating the model’s 

performance.  This approach can formulate subjective and qualitative assessments 

that are related to the systematic (e.g., over- or underestimation of the model) and 

dynamic (e.g., the simulated timing of peak) behaviors of the model (Krause et al., 

2005).  However, using efficiency criteria can provide objective assessments of the 

differences between simulated and observed values.  Therefore, many efficiency 

criteria have been proposed that are used to evaluate the hydrologic model’s 

performance.  Krause et al. (2005), Moriasi et al. (2007), and Biondi et al. (2012) 

summarized these efficiency criteria for hydrologic model assessment. 

 

This research followed the guidelines of the model’s performance evaluation suggested 

by Biondi et al. (2012).  The guidelines recommended the use of both graphical 

techniques and various efficiency criteria.  Therefore, this research involved graphical 

comparison using hydrographs and scatter plots as well as evaluation using several 

efficiency criteria.  As the efficiency criteria, the widely known coefficient of 

Event Period

A 4-24 January, 2006

B 11-31 December, 2006

C 4-24 January, 2007
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determination (R
2
), Nash-Sutcliff Efficiency (NSE), and index of agreement (D) were 

used to evaluate the model’s performance.  Biondi et al. (2012) noted that perfect 

agreement is achieved when R
2
, NSE, and D are equal to 1.0.   

 

The value of R
2
 estimates the combined dispersion against the single dispersion of the 

observed and simulated data.  It describes how much of the observed dispersion is 

explained by the simulation (Krause et al., 2005).  Actually, if R
2
 is independently 

used to evaluate the model’s performance, then it would cause an inadequate 

evaluation.  That is, even if the model overestimates or underestimates throughout the 

simulation period, R
2
 could indicate a good value that is close to 1.0.  In order to 

avoid these cases, additional criteria should be taken into account when evaluating the 

model’s performance.  Thus, NSE and D were also used in this research.  NSE is a 

normalized index that determines the relative magnitude of residual variance compared 

to the observed data variance (Moriasi et al., 2007).  It indicates how well the plot of 

observed and simulated values fits the 1:1 line.  D was suggested by Willmot (1981) 

to deal with the insensitivity of NSE and R
2
 to differences between observed and 

simulated means and variances (Legates and McCabe, 1999).  It represents the ratio 

of the mean square error and the potential error, and the potential error in the 

denominator represents the largest value that the squared difference of each pair can 

attain (Krause et al., 2005).  NSE, R
2
, and D are described as follows: 

 

 𝑁𝑆𝐸 = 1 − |
∑ (𝑌𝑖

𝑜𝑏𝑠𝑛
𝑖=1 − 𝑌𝑖

𝑠𝑖𝑚)2

∑ (𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖=1 − 𝑌𝑚𝑒𝑎𝑛,𝑜𝑏𝑠)2
| (3.10) 

 𝑅2 =

[
 
 
 
 

∑ (𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖=1 − 𝑌𝑚𝑒𝑎𝑛,𝑜𝑏𝑠)(𝑌𝑖
𝑠𝑖𝑚 − 𝑌𝑚𝑒𝑎𝑛,𝑠𝑖𝑚)

√∑ (𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖=1 − 𝑌𝑚𝑒𝑎𝑛,𝑜𝑏𝑠)2√(𝑌𝑖
𝑠𝑖𝑚 − 𝑌𝑚𝑒𝑎𝑛,𝑠𝑖𝑚)

2

]
 
 
 
 
2

 (3.11) 
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 𝐷 = 1 − 
∑ (𝑌𝑖

𝑜𝑏𝑠𝑛
𝑖=1 − 𝑌𝑖

𝑠𝑖𝑚)2

∑ (|𝑌𝑖
𝑠𝑖𝑚 − 𝑌𝑚𝑒𝑎𝑛,𝑜𝑏𝑠| + |𝑌𝑖

𝑜𝑏𝑠 − 𝑌𝑚𝑒𝑎𝑛,𝑜𝑏𝑠|)
2𝑛

𝑖=1

 (3.12) 

 

In Equations (3.10) to (3.12), 𝑌𝑖
𝑜𝑏𝑠  is 𝑖th observation for the constituent being 

evaluated, 𝑌𝑖
𝑠𝑖𝑚  is the 𝑖th simulated value for the constituent being evaluated, 

𝑌𝑚𝑒𝑎𝑛,𝑜𝑏𝑠 is the mean of the observed data, and 𝑌𝑚𝑒𝑎𝑛,𝑠𝑖𝑚 is the mean of simulated 

data in the period under evaluation. 

 

Table 3.17 shows the model’s performance ratings of NSE and R
2
, as summarized by 

Moriasi et al. (2007).  Moriasi et al. (2007) reviewed the previous researches and 

classified values of the criteria into four performance ratings, “very good,” “good,” 

“satisfactory,” and “unsatisfactory,” in both daily and monthly time steps.  Because 

poorer performances were confirmed in daily time steps than monthly time steps, 

applying the model’s performance ratings, as shown in Table 3.17, may be strict for 

short-term simulation (Kondo, 2016).  However, this research applied the same 

model’s performance ratings for more accurate runoff simulations.  As for D, the 

range of D is similar to that of R
2
 and lies between 0 (no correlation) and 1 (perfect fit) 

(Krause et al., 2005). 

 

Table 3.17 Model’s performance ratings of NSE and R
2
 

 

 

 

Performance rating NSE R
2

Very Good 0.75 < NSE  ≤ 1.00 0.75 < R
2

 ≤ 1.00

Good 0.65 < NSE  ≤ 0.75 0.65 < R
2

 ≤ 0.75

Satisfactory 0.50 < NSE  ≤ 0.65 0.50 < R
2

 ≤ 0.65

Unsatisfactory NSE  ≤ 0.50 R
2

 ≤ 0.50
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3.5.4 Results of Runoff Simulation  

As mentioned in 3.3.3.3, PEST improves the parameter values and iterates its 

optimization process until the value of objective function becomes the minimum.  To 

put it simply, PEST finishes its iterative improvements when the differences between 

observed and simulated values become as small as possible under the computational 

and conditional restrictions.  Table 3.18 shows parameter optimization results that 

were evaluated by NSE, R
2
, and D for each event.  The optimization result of Event A 

shows the best goodness-of-fit followed by the results of Events B and C.  When the 

parameter optimization was carried out for Events B and C, the optimization process 

did not finish within the limited number of iterations.  Therefore, the optimization 

results of these flood events (Events B and C) could be improved if there are no 

computational and conditional restrictions.  In any case, the parameters obtained from 

the parameter optimization for Event A showed the best performance.  Therefore, 

these parameters were selected and applied to the other two flood events for 

verification.  Table 3.19 shows the results of verification by applying the best 

parameters to all three events.  The results show that all of the performance criteria, 

which are NSE, R
2
, and D for Events B and C, were improved by applying the best 

parameters.  As a result, HSPF was able to simulate all flood events with a “very 

good” performance according to the performance rating criteria in Table 3.17.   

 

Table 3.18 Results of the parameter optimization for three events in the Johor River 

Watershed 

 

 

Event Period NSE R
2 D

A 4-24 January, 2006 0.97 0.97 0.99

B 11-31 December, 2006 0.67 0.69 0.90

C 4-24 January, 2007 0.16 0.53 0.82
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Table 3.19 Results of applying the best parameter set to three events in the Johor River 

Watershed 

 

 

Figure 3.33, 3.34, and 3.35 show the hydrographs of Events A, B, and C, respectively.  

Figure 3.36, 3.37, and 3.38 show the scatter plots that indicate the goodness-of-fit 

between the observed and simulated values of Events A, B, and C, respectively.  

Although a graphical comparison using hydrograph and scatter plot is a subjective 

method that depends on the reader, it can visually confirm the goodness-of-fit and the 

model’s performance.  These results indicate that the calibrated HSPF has good 

reproducibility for flood events at the simulation point.  Although all three events, 

particularly Event A, were simulated well, peak flows of Events B and C were 

overestimated when the peak rainfall exceeded 100 mm/day.  As mentioned in 3.3.3.1, 

parameters of LZSN and INFILT were selected as the primary target parameters for 

optimization because these parameters were clarified as two of the most sensitive 

parameters to peak discharge in the PERLND block (Hayashi, 2013; Yazawa, 2014).  

However, more attention has to be paid to other parameters that are particularly related 

to interflow, ground water, and soil condition (e.g., INTFW, IRC, AGWRC, LZETP, 

and UZSN) because these parameters also indirectly affect peak discharge by changing 

the shape of the hydrograph itself (Hayashi, 2013; Yazawa, 2014; Mizuochi, 2016; 

Yamamura, 2016).  Thus, the optimum conditions, including the appropriate target 

parameters and the optimization criteria, have to be duly considered in further research.  

Furthermore, it should be noted that there is the Linggui Dam, which supplies water for 

Singapore, in the upper stream of the Linggui tributary (see Figure 3.9).  The dam is 

Event Period NSE R
2 D

A 4-24 January, 2006 0.97 0.97 0.99

B 11-31 December, 2006 0.79 0.87 0.95

C 4-24 January, 2007 0.82 0.96 0.97
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perpetually controlled by Singapore, and information on the dam operation is strictly 

managed by Singapore.  Since this research was not able to obtain the information, 

the dam was regarded as a natural water body during runoff simulation.  Because the 

dam operation occasionally affects the flow rate of the Johor River, this research leaves 

the incorporation of the Linggi Dam operation into the modeling for the future 

research. 

 

In addition to the overall reproducibility of HSPF for flood events, the time to peak 

was also well simulated in each event.  The simulated time to peak almost agreed 

with the observed time to peak in each hydrograph.  Since the time of concentration 

in the Johor River Watershed was estimated to be approximately 2.9 days, as shown in 

Table 3.10, the time to peak is expected to be the same or a little shorter than it was 

during the flood events.  The time differences between peak rainfall and peak 

discharge were approximately two days each in Events A and B.  In Event C, however, 

the time difference between peak rainfall and peak discharge was shorter (one day) 

than in the other events.  This is because the flood in December 2006 reportedly 

affected the flood in January 2007 (Shafie, 2009).  When the flood event started in 

January 2007, the soil was still saturated because of the previous flood event in 

December 2006.  Therefore, the surface runoff speed may have been faster than in the 

other events. 
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Figure 3.33 Hydrograph of Event A in the Johor River Watershed 

 

Figure 3.34 Hydrograph of Event B in the Johor River Watershed 

 

Figure 3.35 Hydrograph of Event C in the Johor River Watershed 
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Figure 3.36 Scatter plot of Event A in the Johor River Watershed 

 

 

Figure 3.37 Scatter plot of Event B in the Johor River Watershed 

 

 

Figure 3.38 Scatter plot of Event C in the Johor River Watershed 
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3.6 Summary 

In order to construct the watershed model using HSPF in the Johor River Watershed, 

data collection was first conducted in this chapter.  The weather data, spatial 

information, and observed river discharge data were collected.  Since there are many 

parameters of implementing HSPF for runoff simulation, a parameter optimization 

algorithm using PEST was formulated to facilitate the setting of those parameters. 

 

Then, topographical and rainfall characteristics of the Johor River Watershed were 

investigated based on the collected watershed information.  The Johor River has a 

remarkably gentle slope and a small cross-sectional area.  These topographical 

characteristics are strongly related to the occurrence of floods.  According to the 

rainfall investigation, an increase in the number of rainy days was confirmed, even 

though the annual rainfall trend had not changed during the investigation period.  

These trends implied that more prolonged rainfall events of relatively low intensity are 

occurring in these days.  In addition, the results of the conditional probability of rainy 

days indicated that the rainfall events are dependent: multiday rainfall events easily 

occur once a rainy day is confirmed in the Johor River Watershed. 

 

Finally, runoff simulations using HSPF were carried out at the outlet of the upper 

sub-basin of Kota Tinggi.  Three historical events were selected as the simulation 

events for the calibration and verification of HSPF, and the results of runoff simulation 

showed very good performance.  According to these results, the calibrated HSPF 

model in this chapter has enough performance to simulate flood events, and it can be 

used for further analyses in the chapters to follow.
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CHAPTER 4 

 

DESIGN FLOOD CRITERIA 

 

The Johor River Watershed is one of the areas that are the most sensitive and 

vulnerable to floods in Malaysia.  As of now, as far as the author has investigated, a 

concrete design flood system has not yet been established in the Johor River Watershed, 

even though the technology to create one has been developed and researchers have 

investigated its performance.  As described in Chapter 2, there are still some gaps 

between hydrologic research and practical application in this region.  Therefore, the 

most reasonable design flood criteria that take into consideration consecutive rainy 

days, a unique characteristic of the monsoon climate, are determined in this chapter as 

part of Integrated Watershed Management.  The main objectives of this chapter are 

(1) to conduct a hydrological frequency analysis for both rainfall and river discharge 

data, (2) to determine the most rational rainfall duration for reasonable design flood 

criteria, and (3) to provide a design flood value for the Johor River Watershed. 

 

4.1 Hydrological Frequency Analysis 

In this research, the design flood procedure, which is the standard for Japanese 

watersheds (Ministry of Land, Infrastructure, Transport and Tourism of Japan, 2005) as 

shown in Figure 4.1, was introduced to the basic analysis.  The design flood 

procedure has already been applied in the Philippines, other Asian countries (Japan 

International Cooperation Agency, 2010). 
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Figure 4.1 Design flood procedure in Japan 

 

4.1.1 Procedure of Hydrological Frequency Analysis  

In the given design flood procedure shown in Figure 4.1, which is mainly the 

hydrological frequency analysis; planners first determine reasonable planning scales 

(e.g., 100-year return periods) based on their comprehensive consideration of 

hydrologic and social factors such as population, economic size, and the amount of 

economic loss caused by historic floods.  Next, the planners estimate the rainfall 

amount of a single event that corresponds to the planning scales based on a frequency 

analysis.  Once the planners decide on the total volume of rainfall for the target 

design scale, they apply the estimated rainfall amount to several rainfall patterns to 

carry out runoff simulations using hydrologic models.  Finally, the planners are able 

to create flood management plans based on the estimated peak flows obtained from the 

runoff simulation outputs.  When the flood management plans (e.g., construction of 

hydraulic structures) are made, procedures and accountability inevitably become 

transparent (Takara, 1998).  When the planners carry out the stereotyping procedure 

of the hydrological frequency analysis for design flood estimation, comprehensive 
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understanding and consideration of the subject regions should guide the application of 

the concept to practical designs.  One of the most specific characteristics of 

Malaysian watersheds is the occurrence of continuous rainy days due to the monsoon 

climate (Suhaila and Jemain, 2007; Abdullah, 2013, Muhammad, 2013; Muhammad et 

al., 2015).  Due to this unique climatic characteristic, deciding on the most rational 

rainfall duration to use as the basic input for frequency analysis is the most critical 

issue in these regions.   

 

4.1.2 Application of Hydrological Frequency Analysis  

Figure 4.2 shows a typical hydrological frequency analysis procedure used in Japan 

(Takara, 2006; Takara and Kobayashi, 2009).  First, extreme values, such as three-day 

annual maximum rainfall amounts, are extracted from long-term historic data.  Then, 

parameter estimation is carried out for several potential probability density functions 

(PDFs).  After that, the goodness-of-fit test is conducted by evaluating the Standard 

Least-Squares Criterion (SLSC).  Finally, the optimum PDF to describe the historic 

extreme values is selected based on the SLSC values (Takara and Takasao, 1988; 

Tanaka and Takara, 1999). 

 

 

Figure 4.2 Typical application of hydrological frequency analysis in Japan 
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This research included a frequency analysis of both historic rainfall and river discharge 

data in the Johor River Watershed.  First of all, rainfall amounts corresponding to the 

representative planning scales (e.g., 50-, 100-, 200-year return periods) were estimated 

based on the frequency analysis of historical rainfall data.  Then, a hydrological 

simulation was conducted to estimate peak flows based on the rainfall amounts of 

certain frequencies, taking into consideration the various spatial and temporal patterns 

of rainfall events.  In this research, the HSPF model, which was constructed and 

calibrated in Chapter 3, was utilized for runoff simulations.  A variety of spatial and 

temporal patterns of rainfall events was considered by utilizing historically large 

rainfall events and multiplying ratios so that the total rainfall amounts matched the 

estimated rainfall amounts.   

 

This research also carried out frequency analysis using historic river discharge data 

from the Johor River Watershed.  In many cases, it is difficult to say that long-term 

river discharge data are homogeneous enough to undergo frequency analysis because 

of the many artificial alteration factors of river flow such as land use changes and dam 

reservoir construction.  Thus, this research regards frequency analysis results that use 

the river discharge data as reference values for evaluating peak flood amounts from the 

hydrologic simulations.   

 

4.1.2.1 Concepts of Hydrological Probability  

A probable hydrologic value is a conceivable maximum/minimum value that will occur 

once during a certain period.  This period is basically a return period.  In general, 

planners often use magnitudes of rainfall, flood, and low flow as hydrologic values.  

If the possible value x is treated as a random variable that follows a specific probability 

density function (PDF), f(x); then the cumulative distribution function (CDF), F(x) is 
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defined as follows: 

 

 𝐹(𝑥) = ∫ 𝑓(𝑥) 𝑑𝑥
𝑥

−∞

 (4.1) 

 

Equation (4.1) is the basic probabilistic model that is used to obtain the probable 

hydrologic values.  Then the probability, when the value of x goes below the specific 

value (xp), is defined as F(xp).  The F(xp) = p is called “non-exceedance probability,” 

and the 1 - p = 1 - F(xp) is called “exceedance probability.”  The specific value (xp) is 

called “quantile” when the non-exceedance probability is p. 

 

4.1.2.2 Return Period 

Planners often use the return period alongside the non-exceedance probability to 

facilitate understanding of probabilistic frequency.  For example, the certain 

maximum rainfall, which occurs with a 1% non-exceedance probability, is called the 

100-year probable rainfall.  If the possible value (x) is supposed to occur once in the 

T-year, T could be called “return period.”  The relationship between T and F(x) is 

expressed by the following equation: 

  

 𝑇 =
1

1 − 𝐹(𝑥)
=

1

1 − 𝑝
 (4.2) 

 

As shown in Equation (4.2), the return period is expressed as a reciprocal of the 

exceedance probability.   

 

When planners use the return period for disaster prevention planning, it is called 

“planning scale.”  Planners determine planning scales based on a comprehensive 
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consideration of hydrologic and social factors, such as population and economy size as 

well as the economic importance of the region.  Therefore, it is important to 

determine the hydrologic design values that correspond to accurate planning scales in 

disaster prevention planning. 

 

4.1.2.3 Plotting Position 

The plotting position method is a graphical evaluation method used to check the 

goodness-of-fit between the observed hydrologic values and the theoretical hydrologic 

values fitted by PDF.  When N denotes the number of total samples, i denotes the rank 

of the sample when the samples are arranged in ascending order, and x(i) indicates the 

hydrologic value at rank i, the non-exceedance probability of x(i), that is, F[x(i)] is 

expressed as follows: 

 

 𝐹[𝑥(𝑖)] =
𝑖 − 𝛼

𝑁 + 1 − 2𝛼
 (4.3) 

 

Then, F[x(i)] is called the plotting position of x(i).  The parameter 𝛼 depends on the 

type of plotting position formula.  Table 4.1 shows the representative plotting position 

formulae and their characteristics.  This research used the Cunnane formula for the 

plotting position method because it was suitable for most of the PDFs (Stedinger et al., 

1993). 

Table 4.1 Representative plotting position formulae 

 

Name α Description

Weibull 0 Suitable for unbiased distribution

Hazen 0.5 Used traditionally

Gringorten 0.44 Suitable for Gumbel and Exponential distributions

Blom 0.375 Suitable for Gaussian distribution

Cunnane 0.4 Suitable for most of the distributions
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4.1.2.4 Statistics of Samples 

When N and xi respectively denote the number of samples and the hydrologic values 

that have been collected, the statistical values of the samples are calculated as follows: 

 

a. Mean 

 𝑥 =
1

𝑁
∑𝑥𝑖

𝑁

𝑖=1

 (4.4) 

b. Dispersion 

 𝑆𝑥
2 =

1

𝑁
∑(𝑥𝑖 − 𝑥)

2

𝑁

𝑖=1

  (4.5) 

c. Coefficient of variation 

 𝐶𝑣𝑥 =
𝑆𝑥
𝑥

  (4.6) 

d. Coefficient of skewness 

 𝐶𝑠𝑥 =
1

𝑁
∑(

𝑥𝑖 − 𝑥

𝑆𝑥
)

3𝑁

𝑖=1

  (4.7) 

These statistics are required to apply to each PDF for the target hydrologic values. 

 

4.1.2.5 Probability Density Functions (PDFs) 

The hydrologic extreme values, such as annual maximum rainfall amounts, were 

extracted from long-term historic data.  Then, parameter estimation is carried out for 

several candidate PDFs.  Typical PDFs that are widely used in Malaysia as well to 

express extreme values are Exponential, Gumbel, Weibull, Lognormal (LN2 and LN3), 

Generalized Extreme Value (GEV), and Generalized Pareto (GP) distributions (Daud et 

al., 2002; Zalina et al., 2002; Zin et al., 2009; Dan’azumi et al., 2010; Ahmad et al., 

2011; Islam et al., 2011; Shamsudin et al., 2011; Shabri and Jemain, 2012; Zakaria et 
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al., 2012; Salarpour et al., 2012; Salarpour et al., 2013; Chang et al., 2015).  Table 4.2 

lists the PDFs used in this research as well as the number of parameters and parameter 

estimation methods suggested by Takara et al. (1989) and Goda et al. (2009).  The 

details of these PDFs are described below.  

 

Table 4.2 Characteristics of probability distribution functions used in this research 

 

 

a. Gumbel distribution 

When a and c respectively denote the scale parameter and location parameter, and the 

range of x is defined as -∞<x<∞, the Gumbel distribution is calculated by the following 

equations: 

・Probability Density Function 

 𝑓(𝑥) =
1

𝑎
exp {−

𝑥 − 𝑐

𝑎
− exp (−

𝑥 − 𝑐

𝑎
)} (4.8) 

・Cumulative Distribution Function 

 𝐹(𝑥) = exp {−exp (−
𝑥 − 𝑐

𝑎
)} (4.9) 

・Probable hydrologic value that corresponds to the non-exceedance probability (p) 

 𝑥 = 𝑐 − 𝑎 ln{− ln(𝑝)} (4.10) 

 

 

 

Probability distribution Number of parameters Parameter estimation method

Gumbel 2

Generalized Extreme Value (GEV) 3

Weibull 3

Exponential 2

Generalized Pareto (GP) 3

3 Moment method

3 Quantile method

L-moment method

Lognormal (LN3)
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b. Generalized Extreme Value (GEV) distribution 

When a, c, and k respectively denote the scale parameter, the location parameter, and 

the shape parameter, the range of x is defined as follows:  

 

 

{
 
 

 
 −∞ < 𝑥 ≤ 𝑐 +

𝑎

𝑘
  (𝑘 > 0)

−∞ < 𝑥 < ∞         ( 𝑘 = 0)

𝑐 +
𝑎

𝑘
≤ 𝑥 < ∞      (𝑘 < 0)

 (4.11) 

 

When k is equal to 0, the GEV distribution becomes the same as the Gumbel 

distribution.  Then the following equations are used to calculate the GEV distribution: 

・Probability Density Function 

 𝑓(𝑥) =
1

𝑎
exp{−(1 − 𝑘)𝑦 − exp (−𝑦)} (4.12) 

 𝑦 = {
−
1

𝑘
ln {1 −

𝑘(𝑥 − 𝑐)

𝑎
}  (𝑘 ≠ 0)

𝑥 − 𝑐

𝑎
  (𝑘 = 0)

 (4.13) 

・Cumulative Distribution Function 

 𝐹(𝑥) =

{
 
 

 
 
exp [− {1 −

𝑘(𝑥 − 𝑐)

𝑎
}

1/𝑘

]  (𝑘 ≠ 0)

exp {−exp (−
𝑥 − 𝑐

𝑎
)}  (𝑘 = 0)

 (4.14) 

・Probable hydrologic value that corresponds to the non-exceedance probability (p) 

 𝑥 = {
𝑐 +

𝑎

𝑘
[1 − {− ln(𝑝)}𝑘]  (𝑘 ≠ 0)

𝑐 − 𝑎 ln{− ln(𝑝)}  (𝑘 = 0)
 (4.15) 

 

c. Weibull distribution 

When a, c, and k respectively denote the scale parameter, the location parameter, and 

the shape parameter, the following equations are used to calculate the Weibull 
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distribution: 

・Probability Density Function 

 𝑓(𝑥) =
𝑘

𝑎
(
𝑥 − 𝑐

𝑎
)
𝑘−1

exp {−(
𝑥 − 𝑐

𝑎
)
𝑘

}  (𝑘 ≠ 0) (4.16) 

・Cumulative Distribution Function 

 𝐹(𝑥) = 1 − exp {−(
𝑥 − 𝑐

𝑎
)
𝑘

}  (k ≠ 0) (4.17) 

・Probable hydrologic value that corresponds to the non-exceedance probability (p) 

 𝑥 = 𝑐 + 𝑎{− ln(1 − 𝑝)}1/𝑘 (4.18) 

 

d. Exponential distribution 

When a and ξ respectively denote the scale parameter and the location parameter, the 

following equations are used to calculate the exponential distribution: 

・Probability Density Function 

 
𝑓(𝑥) =

exp (−
𝑥 − 𝜉
𝑎 )

𝑎
 

(4.19) 

・Cumulative Distribution Function 

 𝐹(𝑥) = 1 − exp (−
𝑥 − 𝜉

𝑎
) (4.20) 

・Probable hydrologic value that corresponds to the non-exceedance probability (p) 

 𝑥 = ξ − 𝑎 ln(1 − 𝑝) (4.21) 

 

e. Generalized Pareto (GP) distribution 

When a, k, and ξ respectively denote the scale parameter, the shape parameter, and the 

location parameter, the following equations are used to calculate the GP distribution: 

・Probability Density Function 

 𝑓(𝑥) =
1

𝑎
(1 − 𝑘

𝑥 − 𝜉

𝑎
)

1
𝑘
−1

 (4.22) 
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・Cumulative Distribution Function 

 𝐹(𝑥) = 1 − (1 − 𝑘
𝑥 − 𝜉

𝑎
)
1/𝑘

 (4.23) 

・Probable hydrologic value that corresponds to the non-exceedance probability (p) 

 𝑥 = −
𝑎{(1 − 𝑝)𝑘 − 1}

𝑘
+ 𝜉 (4.24) 

 

f. Lognormal distribution with three parameters (LN3)  

When a, σy, and μy denote statistical parameters of the lognormal distribution, the LN3 

distribution is calculated using the following equations: 

・Probability Density Function 

 𝑓(𝑥) =
1

(𝑥 − 𝑎)√2𝜋𝜎𝑦
exp [−

1

2
{
ln(𝑥 − 𝑎) − 𝜇𝑦

𝜎𝑦
}

2

]  (𝑥 > 𝑎) (4.25) 

・Cumulative Distribution Function 

 𝐹(𝑥) = Φ{
ln(𝑥 − 𝑎) − 𝜇𝑦

𝜎𝑦
} (4.26) 

 

・Probable hydrologic value that corresponds to the non-exceedance probability (p) 

 𝑥 = 𝑎 + exp (𝜇𝑦 + 𝜎𝑦𝑧𝑝) (4.27) 

When 𝑦 = − ln(2𝑝), the standard normal variate (𝑧𝑝) is calculated using the following 

equations: 

 𝑧𝑝 ≈ −√
𝑦2{(4𝑦 + 100)𝑦 + 205}

{(2𝑦 + 56)𝑦 + 192}𝑦 + 131
    (10−7 < 𝑝 < 0.5) (4.28) 

 𝑧𝑝 = −𝑧1−𝑝 (𝑝 > 0.5) (4.29) 

 

 

 

 



126 

 

4.1.2.6 Parameter Estimation Methods 

Three methods that are used to estimate parameters of the PDFs in this research are 

Quantile method (Iwai’s quantile method), Moment method, and L-moment method.  

The details of these parameter estimation methods are described below. 

  

a. Quantile method (Iwai’s quantile method) 

The quantile method (Iwai’s quantile method) is a simple and practical method 

centered on the goodness-of-fit of both tails of the probability distribution.  At first, 

the lower limit of the distribution, a, is estimated using the following equation: 

 

 𝑎 =
𝑥(1)𝑥(𝑁) − 𝑥𝑚

2

𝑥(1) + 𝑥(𝑁) − 2𝑥𝑚
 (𝑥(1) + 𝑥𝑁 − 2𝑥𝑚 > 0) (4.30) 

 

In Equation (4.30), x(1) is the minimum value in the samples, x(N) is the maximum value 

in the samples, and xm is the median.  When N and x(j) respectively denote the number 

of samples and the collected hydrologic values, the following equations are used to 

estimate the parameters μy and σy using the maximum likelihood method: 

 

 𝜇𝑦 =
1

𝑁
∑ln(𝑥𝑗 − 𝑎)

𝑁

𝑗=1

 (4.31) 

 𝜎𝑦 =
1

𝑁
∑{ln(𝑥𝑗 − 𝑎) − 𝜇𝑦}

2
𝑁

𝑗=1

 (4.32) 

 

b. Moment method 

Theoretical moments, which are the mean (μx), standard deviation (σx), and coefficient 

of skewness (γx) of the distribution from the samples, are first estimated using the 
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moment method.  Parameters are then estimated by solving Equations (4.31) and 

(4.32) about a, μy, and σy.  The following equations are used to estimate the theoretical 

moments: 

 

 𝜇𝑥 = 𝑎 + 𝜀𝜑1/2 (4.33) 

 𝜎𝑥 = 𝜀{𝜑(𝜑 − 1)}
1/2 (4.34) 

 𝛾𝑥 = (𝜑 + 2)(𝜑 − 1)
1/2 (4.35) 

 ε = exp(𝜇𝑦), φ = exp(𝜎𝑦
2) (4.36) 

 

When N and Cs respectively denote the number and coefficient of skewness of the 

samples, the following equations are used to estimate the sample statistics:  

 

 𝑥 =
1

𝑁
∑𝑥𝑖 (4.37) 

 𝑆2 =
1

𝑁
∑(𝑥𝑖 − 𝑥)

2 (4.38) 

 𝑀3 =
1

𝑁
∑(𝑥𝑖 − 𝑥)

3 (4.39) 

 𝐶𝑆 = 𝑀3 𝑆3⁄  (4.40) 

 

Based on these sample statistics, the following equations are respectively used to 

correct the standard deviation (σx) and the coefficient of skewness (γx): 

 

 {

𝜇𝑥 = 𝑥

𝜎𝑥 = {𝑁 (𝑁 − 1)⁄ }1/2𝑆

𝛾𝑥 = 𝐶𝑆(𝐴 + 𝐵𝐶𝑆
3)

 (4.41) 

 {
𝐴 = 1.01 + 7.01 𝑁⁄ + 14.66 𝑁2⁄

𝐵 = 1.69 𝑁 + 74.66 𝑁2⁄⁄
 (4.42) 
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Then the parameters a, μy, and σy are estimated based on μx, σx, and γx, which were 

obtained in Equation (4.41) using the following equations:  

 

 𝛽 = 1 + (𝛾𝑥
2 2⁄ ) (4.43) 

 φ = [𝛽 + (𝛽2 − 1)1/2]
1/3

+ [𝛽 − (𝛽2 − 1)1/2]
1/3

− 1 (4.44) 

 𝜎𝑦 = (ln𝜑)
1/2 (4.45) 

 ε = 𝜎𝑥 [𝜑(𝜑 − 1)]1/2⁄  (4.46) 

 𝜇𝑦 = ln 𝜀 (4.47) 

 𝑎 = 𝜇𝑥 − 𝜀𝜑
1/2 (4.48) 

 

c. L-moment method 

The L-moment method was introduced as a combination of the concepts of the 

Probability Weighted Moments (PWMs) and L-moments.  The parameters of the 

L-moment method are linear combinations of the ranked data (samples) unlike the 

parameters of the moment method.  Therefore, the parameters of the L-moment 

method, such as the coefficient of variation and skewness, become dimensionless and 

almost unbiased like a normal distribution.  When F(X) denotes the distribution 

function of a random variable (X), the PWM is defined as follows: 

 

 𝛽𝑟 = ∫ 𝑥𝐹𝑟𝑑𝐹  (𝑟 = 0, 1, 2, … )
1

0

 (4.49) 
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The relationships between the L-moments and the PWM are as follows: 

 

𝜆1 = 𝛽0 

𝜆2 = 2𝛽1 − 𝛽0 

𝜆3 = 6𝛽2 − 6𝛽1 + 𝛽0 

𝜆4 = 20𝛽3 − 30𝛽2 + 12𝛽1 − 𝛽0 

(4.50) 

 

4.1.2.7 Selection Criteria of the Optimum PDF 

To select the best PDF to describe the historic extreme values, the Standard 

Least-Squares Criterion (SLSC) was tested to check the goodness-of-fit (Takara and 

Takasao, 1988; Tanaka and Takara, 1999).  The SLSC indicates the goodness-of-fit 

between each probability distribution model and the hydrologic extreme values, and a 

smaller SLSC value implies a more stable probability distribution function.  The 

following equation is used to calculate the SLSC: 

 

 
 

(4.51) 

 
 

(4.52) 

 

In Equation (4.51), S0.99 and S0.01 represent standardized quintiles of each probability 

distribution function for the 0.99 and 0.01 of the non-exceedance probability, 

respectively.  In Equation (4.52), N is the number of samples, Si is the standardized 

quintile converted using the estimated parameters based on order statistics for the 

original observations, and ri is the standardized quintile converted using the estimated 

parameters based on a plotting position formula. 
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4.2 Design Flood Estimation in Johor River Watershed 

As noted in Chapter 2, there are three primary methods of design flood estimation.  

Those are the statistical method, the deterministic method, and both methods combined.  

In this section, two conventional methods, the statistical and deterministic methods, are 

used to estimate the design flood values, and the results obtained using both methods 

are analyzed to determine the most reasonable design flood value in the Johor River 

Watershed. 

 

4.2.1 Importance of Rainfall Duration Design in Monsoon Climate 

The duration of critical rainfall is one of the most important factors in design flood 

estimation.  However, a determinative method of defining the rational duration of 

rainfall has not yet been proposed.  In monsoon regions, defining a single rainfall 

event is complicated because there are consecutive rainy days in the rainy season [i.e., 

Northeast (NE) monsoon season].  The annual number of wet days ranges from 150 

to 200 days in Malaysia (Suhaila and Jemain, 2007 and 2008).  The average annual 

number of rainy days, which records more than 1.0 mm/day as defined in Chapter 3, in 

the Johor River Watershed was 239 based on our investigation, as shown in Table 3.13 

of Chapter 3.  As proven in Chapter 3, once a rainy day is confirmed, it tends to 

continue for a few days, and multiday rainfall events easily occur in the Johor River 

Watershed.  With consideration of these unusually long wet days, grasping the critical 

duration of a “single rainfall event” based on an aspect of the hydrologic design is a 

crucial part of the design flood in the Johor River Watershed.  Moreover, some of the 

topographical characteristics of the Johor River, such as its gentle slope (refer to 

Figures 3.17 and 3.18), are known to make critical rainfall last longer (Lau and Gali, 

2011).  As described in Chapter 2, 24 hours or the time of concentration have 

typically been considered the critical rainfall duration that gives the maximum peak 
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flow in a watershed, and it is traditionally used for design flood estimation.  However, 

because the time of concentration of the Johor River Watershed is 2.9 days, which is 

far more than 24 hours as shown in Table 3.10, the most rational rainfall duration for 

design flood estimation in the Johor River Watershed remains ambiguous. 

 

Until now, researchers have conducted some studies of hydrological frequency analysis 

that consider diverse rainfall duration in regions such as India (Bhakar et al., 2006; 

Singla et al., 2014), Ghana (Kwaku and Duke, 2007), and Bangladesh (Barkotulla et al., 

2009).  These researchers experimentally applied several patterns of rainfall duration 

(e.g., from 1 to 7 days) to the hydrological frequency analysis of rainfall and 

investigated the differences in optimum PDF and probable rainfall amounts.  

However, they did not determine the rational rainfall duration or mention the 

application of rainfall duration to practical design flood estimation.  Therefore, this 

research is dedicated to suggesting a methodology for determining the rational rainfall 

duration in the Johor River Watershed for accurate design flood estimation that 

considers the characteristics of monsoon climate as well as proposing appropriate 

design flood criteria that integrate the hydrological characteristics of the watershed.  

This research would be a pioneering work in hydrological frequency analysis in the 

monsoon regions since no researchers have reported on the importance of rainfall 

duration in the design flood in the monsoon climate, as far as the author has 

investigated. 

 

4.2.2 Procedure of Rainfall Duration Design 

In this research, four steps of investigation were conducted to determine the most 

rational rainfall duration for design flood estimation in the Johor River Watershed.  

Figure 4.3 shows the constitution of the rainfall duration design in this research.  The 
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most rational rainfall duration was finally determined based on a comprehensive 

consideration of these four investigations. 

 

 

Figure 4.3 Constitution of the rainfall duration design in this research 

 

In the four investigations of the rainfall duration design, lengths of rainfall event 

duration were first surveyed (Investigation 1) to find the most frequent rainfall duration 

and understand the dominant rainfall duration on the basis of historic rainfall events.  

Second, rainfall time series patterns were investigated by normalizing the rainfall 

amounts of each event (Investigation 2).  This revealed the main rainfall duration of 

the continuous rainy days by ignoring low rainfall durations, and it was able to focus 

on the most significant rainfall durations in the historic rainfall records.   

 

The two investigation steps mentioned above are based on rainfall characteristics.  As 

flood phenomena are governed by a combination of rainfall and watershed 

characteristics, runoff characteristics of the subject watershed should also be 

considered to provide reasonable design flood criteria.  To account for the runoff 

characteristics of watersheds, the third step of investigation was focusing on 
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rainfall-runoff simulation with diverse rainfall amounts and patterns (Investigation 3).  

Comprehensive hydrologic modeling and simulation allowed us to figure out the 

critical rainfall amount and duration that caused a certain level of flood peak at a 

reference river point.  Finally, a hydrological frequency analysis was conducted for 

various rainfall durations, and those results were compared to the frequency analysis 

results using historic river discharge data (Investigation 4).  By comparing those two 

frequency analysis results, we were able to make sure which rainfall duration was the 

most rational for providing the most reasonable design flood values. 

 

This research was carried out using the Johor River Watershed as a test bed.  However, 

the methodology and procedures were carefully considered so that they could be 

generalized for the whole river watershed in Malaysia and even for other watersheds in 

monsoon regions with similar climatic characteristics. 

 

4.2.3 Extraction of Historic Rainfall Events 

In this research, four investigative steps in Figure 4.3 were conducted to determine the 

most rational rainfall duration for design flood estimation in the Johor River Watershed.  

Prior to conducting these investigations, historic rainfall events were extracted from 

the collected rainfall data based on several thresholds shown in Table 4.3.  Figure 4.4 

shows the conceptual diagram of rainfall event extraction in this research.   

 

First of all, the threshold of daily rainfall was considered in the extraction process.  

Given that the Johor River Watershed has the specific rainfall characteristic of 

consecutive rainy days continuing almost every day during the NE monsoon season, 

determination of the daily rainfall threshold was one of the most crucial parts of this 

research.  If the 1.0 mm/day threshold of a rainy day, defined in Chapter 3, is used as 
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the threshold for the extraction of rainfall events, then the duration of one rainfall event 

can vary widely and would sometimes become remarkably long (e.g., more than one 

month).  In that case, it is difficult to determine the critical rainfall duration that 

causes flooding.  Therefore, in this research, the mean daily rainfall of the watershed 

average of Johor River was used as the threshold of daily rainfall, which was 5.99 

mm/day from 1951 to 2007.  This means that rainy days where the amount of rainfall 

was less than 5.99 mm/day were disregarded when extracting one rainfall event.  

Then, the extracted rainfall events were divided into three classifications based on the 

thresholds of the total amount of rainfall for one event.  According to Muhammad 

(2013) and Abdullah et al. (2016), the flood threshold based on the rainfall amount of 

one event ranged from 140 to 170 mm.  Therefore, this research divided the extracted 

rainfall events into three classes: 100, 150, and 200 mm/event.  Table 4.3 also shows 

the number of rainfall events (frequency) extracted for each rainfall amount. 

 

Table 4.3 Thresholds for the rainfall event extraction and frequencies of events 

 

 

Rainfall amount (mm/event) Range (mm/event) Threshold (mm/day) Event frequency

100   75 - 125 124

150 125 - 175 30

200 175 - 225 20

5.99
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Figure 4.4 Conceptual diagram of rainfall event extraction 

 

4.2.4 Analysis of Rainfall Pattern  

Three patterns of rainfall time series were considered based on the x value of centroids 

of the rainfall time series for the hydrological frequency analysis and subsequent 

runoff simulations.  The equation for calculating the x value of the centroid of the 

rainfall time series becomes as follows: 

 

 𝑥𝑐𝑒𝑛𝑡𝑟𝑜𝑖𝑑 = 
∑ 𝑥𝑖𝑅𝑖
𝑛
𝑖=1

∑ 𝑅𝑖
𝑛
𝑖=1

 (4.53) 

In Equation (4.53), xi is day i and Ri is rainfall amount on day i (mm). 

 

Figure 4.5 shows the three rainfall time series patterns, and Table 4.4 summarizes the 

features of these rainfall patterns.  One is the forward-peaked rainfall time series 

(Type A), known as guerrilla-type rain; another is the centrally-peaked rainfall time 

series (Type B), known as frontal rain; and the last is the backward-peaked rainfall 

time series (Type C), known as typhoon-related rain (Hashino, 1986).   
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Figure 4.5 Three rainfall time series patterns 

 

Table 4.4 Features of three rainfall patterns 

 

 

In order to grasp the tendencies of rainfall patterns in the Johor River Watershed, the 

rainfall patterns of past rainfall events were investigated based on the extracted rainfall 

events as described in 4.2.2.  Based on the relationship between the calculated x value 

of the centroid and the half value of rainfall duration, the past rainfall events were 

categorized into three patterns.   

 

Figure 4.6 shows the comparison between the calculated x values of the centroids and 

the half values of rainfall duration for each rainfall event.  Figure 4.6 (a) is the 

conceptual diagram of this analysis.  As shown in Figure 4.6 (a), this comparison 

clarifies the dominance of the rainfall patterns.  If the point is located on the upper 

left side of the diagram, then it indicates the backward-peaked rain.  If the point is 

located on the lower right side of the diagram, then it indicates the forward-peaked rain.  

If the point is located on a 1:1 line, it indicates the centrally-peaked rain.  Figures 4.6 

(b), 4.6 (c), and 4.6 (d) show the results of the comparison for rainfall events of 100, 

Rainfall pattern Type Description

Forward-peaked Guerrilla-type rain x centroid < (Rainfall duration/2)

Centrally-peaked Frontal rain x centroid = (Rainfall duration/2)

Backward-peaked Typhoon-related rain x centroid > (Rainfall duration/2)
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150, and 200 mm/event, respectively.  Table 4.5 shows the number of times each 

rainfall pattern occurred in each rainfall event.  It is obvious from each rainfall event 

that the backward-peaked rainfall pattern is dominant in the Johor River Watershed.  

Although the forward-peaked rainfall pattern causes flash flooding due to 

guerrilla-type rain, the backward-peaked rainfall pattern causes long-term flood due to 

typhoon-related rain.  Therefore, historical records of the tendency toward long-term 

flooding can first be explained by the dominant rainfall pattern, which is the 

backward-peaked rainfall pattern, of the Johor River Watershed.  Even though 

typhoon cases have rarely been reported in the Johor River Watershed, it was clarified 

that the monsoon rainfall in the NE monsoon season in this region has a rainfall pattern 

similar to typhoon-like rain.  Actually, two floods occurred from December 2006 to 

January 2007 in the Johor River Watershed were reportedly attributed to Typhoon Utor 

which had hit the Philippines and Vietnam a few days earlier.  Singapore and certain 

parts of Indonesia were also affected by the same typhoon and flooded due to the 

heavy rain.  Therefore, the Johor River Watershed is indirectly affected by the 

typhoons that occur in the Maritime Continent, and the rainfall pattern becomes similar 

to typhoon-like rain.   
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        (a) Conceptual diagram                   (b) 100 mm/event 

 

           (c) 150 mm/event                    (d) 200 mm/event 

Figure 4.6 Comparison between the calculated x values of centroids and the half 

values of rainfall duration in the Johor River Watershed 

 

Table 4.5 Number of times each rainfall pattern occurred during each rainfall event in 

the Johor River Watershed 

 

 

 

 

Rainfall amount (mm/event) Forward peaked Central peaked Backward  peaked

100 6 7 111

150 0 1 29

200 2 0 18
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4.2.5 Length of Rainfall Duration 

This research surveyed the durations of rainfall events to find the most frequent rainfall 

duration and to confirm the dominant rainfall duration among historic rainfall events.   

 

Figure 4.7 shows the ratio of historic rainfall event durations at 100, 150, and 200 

mm/event, respectively.  According to the results, the rainfall duration, which ranges 

from 2 to 7 days at 100 mm/event, 3 to 6 days at 150 mm/event, and 4 and 6 days at 

200 mm/event, was dominant.  In other words, multiday rainfall events that lasted 

more than 2 days were apparently the most frequent of the historic rainfall events.  

Therefore, it is again confirmed that multiday rainfall events should be taken into 

account when determining the design flood value in the Johor River Watershed.  

Overall, this investigation confirmed that rainfall events that lasted 4 to 6 days were 

particularly dominant in this watershed. 

 

 

Figure 4.7 Ratio of the historic rainfall event duration at 100, 150, and 200 mm/event 

in the Johor River Watershed 
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4.2.6 Patterns of Rainfall Time Series 

The rainfall time series patterns of historic rainfall events were investigated by 

normalizing the rainfall amounts of each event to disclose the main rainfall duration of 

the continuous rainy days and ignoring low rainfall durations.  This investigation was 

able to focus on the most significant rainfall duration in the historic rainfall records.   

 

First, the centroids of every rainfall time series were estimated to arrange them based 

on Equation (4.53).  Figure 4.8 shows the schematic diagram of this arrangement 

based on the centroids.  After that, the mean amount of rainfall for each day was 

calculated. 

 

 

Figure 4.8 Rainfall time series arrangement based on centroids 

 

Figure 4.9 shows the results of arranging the rainfall time series based on the centroids.  

These time series were unable to directly compare due to the differences among the 

values.  Therefore, each rainfall time series was normalized based on the total amount 

of rainfall in each event.  Figure 4.10 shows the results of normalization, which is 

able to confirm the most significant rainfall duration in the normalized rainfall time 
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series.  Figure 4.10 shows that periods from the rising point to the endpoint almost 

agreed.  This means that the periods indicate the main rainfall duration when the low 

rainfall duration is ignored, and the period would be significant rainfall duration in the 

rainfall time series.  In Figure 4.10, it was confirmed that the rainfall duration up to 7 

days was the most significant in every time series.  Therefore, this investigation 

revealed the main rainfall duration, which is up to 7 days, when low rainfall was 

disregarded in the historic rainfall time series of the Johor River Watershed. 

 

 

Figure 4.9 After arrangement of rainfall time series based on the centroids in the Johor 

River Watershed 

 

Figure 4.10 Normalized time series based on the total amount of rainfall in the Johor 

River Watershed 
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4.2.7 Rainfall-Runoff Simulations 

By using the formulated hydrological simulation model, peak flows with diverse 

rainfall amounts and rainfall patterns were simulated while considering the 

rainfall-runoff characteristics of the Johor River Watershed.  The amount and duration 

of the critical rainfall that caused a certain level of flood peak were figured out using 

these rainfall-runoff simulations. 

 

Some combinations of the rainfall amount and duration in one event were input into 

the HSPF model.  Then the peak flows of each combination were simulated.  Table 

4.6 shows the combinations of rainfall amounts and durations tested in this research.  

Rainfall amounts of 100, 150, and 200 mm/event and rainfall durations of 2 to 8 days 

were selected.  As shown in Figure 3.30 of Chapter 3, the conditional probability 

increases when the number of consecutive rainy day increases, up to particularly 8 

consecutive rainy days.  Thus, the rainfall duration of 2 to 8 days was selected as the 

representative rainfall duration. 

 

Table 4.6 Combinations of rainfall amounts and durations investigated in this research 

 

 

4.2.7.1 Statistics of Historic Flood Records 

As proven in 4.2.4, it is obvious that multiday rainfall events are dominant in the Johor 

River Watershed.  Therefore, this research focused on the multiday rainfall events that 

lasted more than 2 days.  So far, however, the peak flow threshold, which causes a 

2 3 4 5 6 7 8

100 E2-100 E3-100 E4-100 E5-100 E6-100 E7-100 E8-100

150 E2-150 E3-150 E4-150 E5-150 E6-150 E7-150 E8-150

200 E2-200 E3-200 E4-200 E5-200 E6-200 E7-200 E8-200

Rainfall duration (days)Rainfall

(mm/event)
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flood in the Johor River Watershed, has not yet been studiously inspected and clearly 

decided.  For that reason, statistical characteristics of the past floods shown in Table 

4.7 were obtained to investigate a flood threshold value.  The procedure for obtaining 

the statistical characteristics of the historical annual maximum floods was based on a 

previous study conducted by Ismail et al. (2015).  This research recalculated the same 

statistics since the number of samples was different from the previous investigation.  

Based on the statistics shown in Table 4.7, this investigation employed 238 m
3
/s of 

peak flow as the flood threshold value that may trigger a flood.  This threshold is the 

mean value of the historic annual maximum floods based on the statistics, and the 

return period of the threshold is approximately 2.7 years.   

 

Table4.7 Statistics of the past annual maximum flood observations in the Johor River 

Watershed 

 

 

4.2.7.2 Results of Rainfall-Runoff Simulations 

Table 4.8 shows the results of simulated peak flows for each combination of rainfall 

amount and duration.  In 100 mm events, rainfall duration of 3 and 4 days is the 

boundary for causing floods based on the peak flow threshold.  In the same way, for 

150 mm and 200 mm events, durations of 5 and 6 days and over 7 days are the 

Statistics Calculated value

Sample size 47

Range 640.0

Minimum 78.7

Maximum 718.7

Mean 238.1

Variance 24266.0

Standard Deviation 155.8

Coefficient of Variation 0.7

Std. Error 22.7

Skewness 1.3

Excess Kurtsis 1.2
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boundary, respectively.  According to the research conducted by Muhammad (2013), 

the flood threshold of the rainfall amount for one event ranged from 140 to 170 mm.  

In this research, therefore, duration of 5 and 6 days, which was derived from the 

rainfall-runoff simulations for 150 mm events (ranging from 125 to 175 mm), was 

suggested as the critical rainfall duration when the rainfall-runoff characteristics of the 

Johor River Watershed were considered using the hydrologic model. 

 

Table 4.8 Simulated peak flows (m
3
/s) for each combination of rainfall amount and 

duration in the Johor River Watershed 

 

 

2 3 4 5 6 7 8

100 245.8 240.8 206.3 191.3 189.8 164.0 123.8

150 360.6 398.6 364.9 228.6 256.6 181.9 232.2

200 531.3 448.1 395.0 395.0 362.7 345.5 234.3

2 3 4 5 6 7 8

100 324.0 301.0 258.7 192.7 163.3 148.2 135.3

150 360.6 398.6 317.5 239.3 335.5 181.9 232.2

200 531.3 448.1 475.3 395.0 323.3 345.5 254.4

2 3 4 5 6 7 8

100 329.7 248.7 244.4 182.7 179.8 174.8 136.0

150 354.1 448.1 301.7 337.6 222.1 231.4 232.2

200 531.3 244.4 432.3 395.0 400.0 345.5 282.4

2 3 4 5 6 7 8

100 299.8 263.5 236.5 188.9 177.6 162.3 131.7

150 358.4 415.1 328.0 268.5 271.4 198.4 232.2

200 531.3 380.2 434.2 395.0 362.0 345.5 257.0

2 3 4 5 6 7 8

100 329.7 301.0 258.7 192.7 189.8 174.8 136.0

150 360.6 448.1 364.9 337.6 335.5 231.4 232.2

200 531.3 448.1 475.3 395.0 400.0 345.5 282.4

Note: The values highlighted in yellow exceed the flood threshold value. 

Duration (days)

Duration (days)

Duration (days)

Duration (days)

Duration (days)

Type A rainfall

(mm/event)

Type B rainfall

(mm/event)

Type C rainfall

(mm/event)

Average

(mm/event)

Maximum

(mm/event)
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4.2.8 Comparison of Hydrological Frequency Analyses using both Historic 

Rainfall and River Discharge Data 

In this research, the hydrological frequency analysis was conducted using both historic 

rainfall and river discharge data.  The results obtained through the hydrological 

frequency analysis using rainfall were compared to the results of the frequency 

analysis of the historic river discharge data. 

 

In this research, rainfall durations of 2 to 8 days and return periods of 2.5, 5, 10, 25, 50, 

100, and 200 years were considered in the hydrological frequency analysis of rainfall 

data.  Then, estimated rainfall amounts were input into the HSPF model, and peak 

flows for each return period of all durations were simulated.  For the hydrological 

frequency analysis using river discharge data, peak flows corresponding to 2.5-, 5-, 10-, 

25-, 50-, 100-, and 200-year return periods were estimated.  By comparing these peak 

flows obtained through two frequency analyses, we were able to make sure which 

rainfall duration was the most rational for providing the most reliable design flood 

values. 

 

4.2.8.1 The Best PDF for Rainfall 

The hydrological frequency analysis conducted in this research applied several 

candidate PDFs as shown in Table 4.2.  The goodness-of-fit was tested by estimating 

the SLSC values.  Table 4.9 shows the results of the SLSC of rainfall for each PDF.  

In this case, the most stable PDF of rainfall in the Johor River Watershed was the GP 

distribution, which had the smallest SLSC value.  Therefore, we suggest to employing 

the GP distribution for rainfall in the Johor River Watershed. 
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Table 4.9 Results of the SLSC of rainfall for each PDF in the Johor River Watershed 

 

 

Table 4.10 shows the estimated probable rainfall according to the GP distribution, and 

Figure 4.11 shows its graphed results.  According to the results, the longer the rainfall 

duration we consider, the bigger the estimated probable rainfall amount.  However, 

the probable rainfall amounts of longer rainfall durations (e.g., from 5 to 8 days) at 

longer return periods (e.g., 200 years) show similar values.  Figure 4.12 shows the 

relationship between rainfall intensity and duration for each return period.  It is 

obvious that the average rainfall intensity becomes lower as the rainfall duration gets 

longer.  This means that a rainfall event of relatively low intensity would have a 

longer duration.  In contrast, when shorter rainfall duration is considered, the rainfall 

amount becomes more intense.  This implies that peak flows of shorter rainfalls might 

show higher values when runoff simulations are carried out by inputting these probable 

rainfall amounts into the HSPF model.  This assumption is confirmed in later 

analyses. 

 

 

 

 

 

Moment Quantile

2-day 0.040 0.040 0.037 0.047 0.037 0.040 0.042

3-day 0.034 0.037 0.029 0.042 0.025 0.035 0.037

4-day 0.031 0.032 0.024 0.035 0.021 0.030 0.033

5-day 0.038 0.036 0.027 0.031 0.026 0.033 0.034

6-day 0.036 0.036 0.028 0.034 0.026 0.033 0.033

7-day 0.040 0.041 0.033 0.038 0.030 0.037 0.038

8-day 0.037 0.039 0.030 0.038 0.028 0.035 0.036

Note: The values highlighted in yellow have the smallest SLSC values. 

GP
Lognormal

Gumbel GEV Weibull Exponential

Rainfall

duration

PDF
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Table 4.10 Estimated probable rainfall (mm/duration) according the GP distribution in 

the Johor River Watershed 

 

 

Figure 4.11 Estimated probable rainfall in the Johor River Watershed 

 

 

Figure 4.12 Intensity-duration curve of rainfall for each return period in the Johor 

River Watershed 

2.5 5 10 25 50 100 200

2-day 116.6 159.0 194.7 233.4 257.4 277.6 294.5

3-day 138.6 188.7 231.6 279.2 309.3 335.1 357.3

4-day 153.0 206.0 252.9 306.5 341.7 372.7 400.1

5-day 161.7 215.5 266.1 328.5 372.6 414.1 453.2

6-day 173.5 229.6 281.3 343.4 386.1 425.4 461.7

7-day 185.1 242.2 295.1 359.0 403.2 444.0 481.9

8-day 195.3 252.6 304.7 366.1 407.6 445.3 479.4

Return period (years)Rainfall

duration
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Although Figure 4.13 also shows the graphed results of Table 4.10, the horizontal axis 

is replaced by the rainfall duration, and it is the so-called intensity-duration-frequency 

(IDF) curve.  When the horizontal axis of Figure 4.11 is replaced by the rainfall 

duration, however, different findings can be obtained.  For each return period, there is 

an almost linear increase of probable rainfall as the rainfall duration becomes longer.  

However, when the longer return periods (e.g., 100 or 200 years) are considered, the 

clearer inflection points are confirmed at 5-day rainfall duration.  In Malaysia, the 

100-year return period has been sparingly utilized and extended up to 200 years in 

some regions for design flood estimation (MSMA, 2000).  Therefore, the rainfall 

duration of 5 days is significant in terms of the IDF curve of rainfall.  When these 

probable rainfall results are input into the HSPF model and peak flows are simulated, 

the simulated peak flows are expected to become lower as the rainfall duration gets 

longer than 5 days.  This assumption is different from the assumption obtained from 

the results of Figure 4.12.  Therefore, these assumptions are validated in the following 

analyses. 

 

Figure 4.13 Intensity-duration-frequency (IDF) curve of rainfall in the Johor River 

Watershed 
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4.2.8.2 The Best PDF for River Discharge 

Table 4.11 shows the results of the SLSC of the river discharge for each PDF.  In this 

case, the most stable PDF of river discharge in the Johor River Watershed was the GP 

distribution, which had the smallest SLSC value, as well as the PDF of rainfall.  

Therefore, based on this research, we suggest to employing the GP distribution for 

river discharge data in the Johor River Watershed.   

 

Table 4.11 Results of the SLSC of river discharge in the Johor River Watershed 

 

 

Figure 4.14 shows the estimated probable river discharge when the GP distribution was 

applied to river discharge data in the Johor River Watershed.  These results are those 

of the statistical method that directly uses historic river discharge data for the 

hydrological frequency analysis.  These probable discharge data were compared with 

the results of the peak flows obtained using the deterministic method that simulates 

peak flows by inputting the probable rainfall into the HSPF model. 

 

Moment Quantile

0.041 0.034 0.025 0.027 0.024 0.037 0.038

Note: The value highlighted in yellow has the smallest SLSC value. 

PDF

GP
Lognormal

Gumbel GEV Weibull Exponential
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Figure 4.14 Estimated probable river discharge in the Johor River Watershed 

 

4.2.8.3 Comparison of Peak Flows 

Table 4.12 shows the results of peak flows estimated using two frequency analyses of 

both rainfall and river discharge data.  In particular, the simulated peak flows 

indicated the results of the deterministic method that was based on the rainfall-runoff 

simulation.  Figure 4.15 shows the IDF curve of peak flows obtained from the 

rainfall-runoff simulation.  Based on the conventional concept of the critical rainfall 

duration using the IDF curve, in this case, 4-day rainfall duration is suggested as the 

critical rainfall duration for design flood estimation since the peak flows showed the 

maximum values.  However, this concept would be applicable when temporally finer 

(e.g., hourly) rainfall data are available as described in Chapter 2.  In Malaysia, it is 

difficult to obtain such rainfall data.  Thus, additional analyses to confirm and 

rationalize the appropriate rainfall duration are required.  Furthermore, the 

assumption based on the results of Figure 4.12 was not verified by the results of Figure 

4.15.  That is, even if the average rainfall intensity in a given day is high during a 

rainfall event, it does not always affect the peak flow of a flood event. 
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Table 4.12 Results of peak flows (m
3
/s) obtained through two frequency analyses 

using both rainfall and river discharge data in the Johor River Watershed 

 

 

 

Figure 4.15 Intensity-duration-frequency (IDF) curve of peak flow in the Johor River 

Watershed 

 

Figure 4.16 shows the comparison of the peak flows obtained using both the statistical 

and deterministic methods.  As mentioned above, the historic river discharge data are 

not homogeneous enough to determine the design flood value because of land use 

changes including urbanization and deforestation.  Therefore, the results obtained 

from the statistical method were used as reference values.  The simulated peak flows 

in the shortest return period (2.5-year) were relatively convergent.  When the longer 

2.5-year 5-year 10-year 25-year 50-year 100-year 200-year

2 322.1 446.2 548.5 668.6 755.4 839.0 918.0

3 319.2 449.8 578.2 735.0 833.3 922.7 1001.6

4 324.5 463.9 595.6 744.8 839.0 932.3 1018.4

5 280.7 389.0 505.7 655.6 757.0 851.0 941.9

6 264.2 355.3 451.9 581.0 672.4 757.5 836.2

7 252.0 343.4 433.3 537.8 623.6 699.6 771.4

8 230.7 309.9 373.7 472.7 535.4 599.7 658.3

Discharge 228.5 346.3 459.5 602.3 705.4 804.4 899.5

Rainfall duration

(days)

Return period
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return periods were considered, however, larger differences among simulated peak 

flows were confirmed.  In Figure 4.16, for example, the minimum peak flow for the 

2.5-year return period is 230.7 m
3
/s at 8-day duration, and the maximum peak flow for 

the 2.5-year return period is 324.5 m
3
/s at 4-day duration.  However, the minimum 

peak flow for the 200-year return period is 658.3 m
3
/s at 8-day duration, and the 

maximum peak flow for the 200-year return period is 1018.4 m
3
/s at 4-day duration 

even though the reference value for the 200-year return period is 899.5 m
3
/s.  This 

means that the choice of rainfall duration clearly leads to bigger differences among the 

peak flows of longer return periods.  In practical application, if the estimated design 

flood value is over- or underestimated, it will cause problems (Yazawa et al., 2016) as 

mentioned in Chapter 2.  Therefore, a wise choice of rainfall duration allows 

practitioners to conduct rational design flood estimation. 

 

Overall, the peak flows simulated using the HSPF model from durations of 2 to 5 days 

indicated much higher values than peak flows estimated using peak flow frequency 

analysis.  However, the simulated peak flows for durations of more than 6 days 

indicated lower values than estimated peak flows at the longer return periods.  This 

research considered higher return periods, which are over 50 years, because the 

100-year return period has been utilized at a basic level for designing hydraulic 

structure in Malaysia (MSMA, 2000).  The estimated peak flows lie between 5- and 

6-day durations in return periods of over 50 years.  Therefore, this research suggested 

that 5- to 6-day rainfall duration was reasonable for design flood estimation in the 

Johor River Watershed. 
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Figure 4.16 Results of peak flows for each return period in the Johor River Watershed 

 

4.3 Recommended Rainfall Duration and Design Flood Value for Johor River 

Watershed 

The most rational rainfall duration for the design flood procedure in the Johor River 

Watershed was determined based on the comprehensive consideration of four 

investigations (Figure 4.3).  Investigation 1 surveyed length of rainfall event duration.  

Investigation 2 investigated patterns of rainfall time series by normalizing the rainfall 

amounts.  Investigation 3 focused on rainfall-runoff simulation with diverse rainfall 

amounts and rainfall patterns.  Investigation 4 conducted two hydrological frequency 

analyses using the historic rainfall and river discharge data and compared the results of 

peak flows. Table 4.13 shows the summary of the four investigations.  Given that 

each investigation suggested a range of rainfall durations, this research recommends 

that the overlapped rainfall duration of 5 days should be employed for the design flood 

in the Johor River Watershed.   
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Table 4.13 Results of rainfall duration design in the Johor River Watershed 

 

 

Since the 100-year return period has been utilized for designing hydraulic structure in 

Malaysia (MSMA, 2000), this research determined the design flood value based on the 

peak flow simulated by HSPF for the 100-year return period.  The rainfall duration of 

4 days, which output the maximum peak flows, could be used if we follow the 

conventional concept of the critical rainfall duration on the IDF curve of peak flow 

(Figure 4.15).  In reality, however, reasonable design floods that reflect the actual 

conditions and rainfall-runoff characteristics of the watershed are required to prevent 

locals from wasting resources.  In that sense, choosing of 4-day rainfall duration led 

to the overestimation (+15.9%) of the design flood value compared to the reference 

value obtained from the statistical method for the 100-year return period.  The 6-day 

rainfall duration, on the other hand, was also the overlapped rainfall duration in Table 

4.13 obtained from four investigations.  However, the simulated peak flows were 

underestimated for longer return periods.  When we focused on the 100-year return 

period, the underestimation (-5.8%) of peak flow compared to the reference value was 

confirmed, and it would cause excessive disasters.  When the safe side is considered, 

therefore, the 5-day rainfall duration is the most rational for providing the most 

reasonable design flood value in the Johor River Watershed.  This result is considered 

to be the sensible value when the IDF curve of rainfall, which showed inflection points 

at the 5-day rainfall duration, is regarded at the same time.  In conclusion, based on 

the results shown in Table 4.12, the design flood value in the Johor River Watershed 

2 3 4 5 6 7 8

Investigation 1

Investigation 2

Investigation 3

Investigation 4

Rainfall duration (days)



155 

 

was 851.0 m
3
/s. 

 

4.4 Summary 

In this chapter, one of the most specific characteristics of the monsoon climate, 

continuous rainy days, was taken into consideration for design flood estimation.  Four 

investigations, including two rainfall characteristics surveys, rainfall-runoff 

simulations, and the hydrological frequency analysis, were conducted to determine the 

most rational rainfall duration in the Johor River Watershed.  Based on the results of 

the four investigations, 5 days was the most rational rainfall duration, and the GP 

distribution was the best probability distribution for both rainfall and river discharge in 

the Johor River Watershed.  Finally, in this research, we clarified the design flood 

value, 851.0 m
3
/s, based on the hydrological frequency analysis using the GP 

distribution and the runoff simulations using the HSPF model. 

 

We hope that the methodology and procedures of these four investigations become the 

platform for determining the rational rainfall duration in the design flood procedure for 

not only the Johor River Watershed but also other watersheds in monsoon regions with 

similar climatic characteristics.  Accordingly, there need to be more application 

studies for other watersheds in monsoon regions to confirm the applicability of these 

investigations and generalize the methodology.  Watershed size, in particular, is one 

of the most important factors in rainfall duration design (Abdullah, 2013; Abdullah and 

Julien, 2014).  Westra et al. (2014) mentioned that smaller catchments are sensitive to 

short but intense bursts of rainfall that sometimes last only an hour or less, whereas 

larger catchments are sensitive to extended periods of heavy rainfall that last for 

several days or longer.  Therefore, the watershed size should also be taken into 

account in future investigation and applications.
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CHAPTER 5 

 

FUTURE RAINFALL CHANGES 

 

Climate change is a concern to researchers as well as local planners and administrators.  

One of the purposes of this research is to construct a concrete design flood system that 

considers the impacts of climate change on the Johor River Watershed.  Therefore, 

Chapters 5 and 6 investigate the impacts of climate change on extreme rainfall and flood 

events in the Johor River Watershed by using future rainfall data obtained from a 

super-high-resolution atmospheric general circulation model (AGCM20).  The main 

objectives of this chapter are (1) to introduce AGCM20 to the Johor River Watershed 

and (2) to investigate the future rainfall changes in the Johor River Watershed.  The 

findings presented in this chapter can be taken into consideration when calculating 

design flood values that involve future climate change. 

 

5.1 Super-high-resolution Atmospheric Model (AGCM20) 

The impacts of climate change on water resources in a watershed scale should be 

regarded as a complex interaction between the natural system (e.g., climate, hydrology, 

etc.) and the social system (e.g., dams, reservoirs, reservoir operation policies, etc.) 

(Kim et al., 2009).  A distributed hydrologic model, therefore, has been often used to 

simulate these linkages and the responses of the climate, hydrology, and water resource 

systems.  In addition, the hydrologic model can simulate any hydrologic impacts on 

the target watershed under the climate change scenarios. 
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Various numerical models are utilized for projecting climate conditions by modeling 

global atmospheric and oceanic circulations.  These models are called general 

circulation models (GCMs).  Although many researches have developed and improved 

various GCMs, particularly in terms of the spatial resolution in model operations, the 

GCMs’ spatial operating scale is still coarse and GCM outputs are basically averaged 

for each grid cell.  In this case, some difficulties still remain for assessing the water 

resource problems, such as flood and drought that usually occur on a regional scale.  In 

order to overcome these difficulties and bridge the gaps of spatial resolution between 

GCMs and hydrologic usages, the GCM outputs are often downscaled using physical or 

statistical methods.  The details of GCMs and downscaling methods were already 

reviewed and summarized in 2.3.1 of Chapter 2.   

 

Meanwhile, the Japan Meteorological Agency and the Meteorological Research Institute 

in Japan have developed a super-high-resolution atmospheric model, the 

MRI-AGCM3.2 (hereafter, AGCM20), which has 20-km spatial resolution and 1-hour 

time resolution.  Due to the difficulties in modeling the spatial scale of frontal rain 

bands and simulating tropical cyclone behavior using the conventional GCMs, 

AGCM20 was required to simulate extreme precipitation more accurately and to project 

its trends caused by climate change.  The simulation of AGCM20 was carried out 

based on triangular truncation at wave number 959 with a linear Gaussian grid (TL959) 

in the horizontal based on 1920×960 grid cells that were about 20 km in size and 60 

levels in the vertical.  Since AGCM20 has finer spatial resolution than conventional 

GCMs, it does not require further regional downscaling using a regional climate model 

(RCM) or statistical downscaling.  Moreover, AGCM20 can simulate local water 
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cycles, such as the regional scale or watershed scale (Kim et al., 2009, 2010a and 

2010b; Kitoh et al., 2016).  As boundary conditions of controlled simulation, the 

observed monthly mean sea surface temperature (SST) and sea-ice concentration data, 

which were obtained from the HadISST1 data with 1°×1°latitude-longitude grid 

(Rayner et al., 2003), were utilized for AGCM20.  Future SST for the projection was 

estimated from the ensemble mean of the GCM simulation outputs under the 

Representative Concentration Pathways (RCPs) scenarios that were obtained from 

Phase 3 of the Coupled Model Intercomparison Project.  Table 5.1 shows a 

specification of AGCM20 (Mizuta et al., 2012).  AGCM20 provides a variety of 

hydrologic data, such as rainfall, snowfall, and evapotranspiration, for two periods (i.e., 

the control in 1979-2003, and the future in 2075-2099).  In this research, the rainfall 

data simulated under the RCP8.5 scenario were obtained and used for the latter analyses.  

The RCP8.5 corresponds to the pathway with the highest greenhouse gas emissions.  

Riahi et al. (2011) summarized the details of the assumptions and conditions of the 

RCP8.5 scenario. 

 

Table 5.1 Specification of AGCM20 (Mizuta et al., 2012) 

 

Parameter Specification

Horizontal resolution
Triangular truncation at wave number 959 (TL959)

(grid interval of 20 km, 1920 × 960)

Vertical levels 64 layers (top at 0.01 hPa)

Time step 10 minutes

Cumulus convection Multiple convective updrafts with different heights

Cloud Tiedtke cloud scheme (Tiedtke, 1993)

Radiation JMA operational model (JMA, 2007)

Gravity wave drag Orographic gravity wave drag scheme (Iwasaki et al., 1989)

Land surface Simple biosphere model (Hirai et al., 2007)

Boundary layer Level 2 turbulence closure scheme (Mellor and Yamada, 1974)

Aerosol Sulfate, black carbon, organic carbon, mineral dust, and sea-salt
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5.2 Validation and Application Research of AGCM20 

AGCM20 itself was newly developed in 2009 as the MRI-AGCM3.1.  Since then, it 

has been revised as the MRI-AGCM3.2 (Kusano, 2016).  There have been some 

application researches of AGCM20.  In this section, these researches are briefly 

summarized. 

 

Kim et al. (2009) modeled and simulated the climatic conditions in Japan’s Tone River 

Basin to investigate the problems of potential water resources under climate change.  

At first, the raw AGCM20 outputs were evaluated by comparing with the observed data 

throughout Japan during the control period (1979-2003) to check the model 

performance.  The results showed that the amount of annual mean precipitation and the 

spatial distribution pattern had good consistency throughout Japan.  It is also 

confirmed that the effect of heavy, typhoon-induced rainfall in southern Japan was well 

presented in the observed data.  However, AGCM20 showed the smoothening effects 

of spatial patterns of heavy rainfall during the event.  Kim et al. (2010a) conducted 

further investigations of AGCM20 performance in precipitation.  Throughout their 

investigations, the model performance in seasonal variation and monthly mean 

precipitation was validated, and AGCM20 showed very good performance.  

Reproducibility of daily and hourly maximum precipitation was also evaluated, and it 

was confirmed that the AGCM20 tends to underestimate those extreme values.  The 

results implied that the accurate bias correction might have to be carried out for more 

confident extreme event analysis. 
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After the investigation of AGCM20 performance in precipitation (Kim et al., 2010a), its 

applicability to hydrological simulations was evaluated using a distributed hydrologic 

model and long-term (25 years) observed river discharge data in the Tone River Basin 

of Japan (Kim et al., 2010b).  First, the results of runoff simulations based on the 

seasonal patterns of river discharge in the control period showed good consistency for 

larger-sized basins, but poor performance for small- and middle-sized basins.  Then, 

the simulated annual peak flows were evaluated by comparing with those obtained from 

the observed discharge data.  The evaluation confirmed an underestimation of the 

extreme events.  Kim et al. (2010b) concluded that the AGCM20 outputs do not show 

high accuracy on a grid scale.  However, the outputs showed reasonable 

reproducibility when analyzed on a larger scale.  Their study showed the important 

possibility of the application of AGCM20 outputs for more accurate hydrologic 

evaluation and practical design. 

 

Kim et al. (2009) and Kim et al. (2010a) carried out practical application studies of 

AGCM20 outputs for hydrologic evaluations.  The AGCM20 outputs were used to 

simulate the future hydrologic situations in the Tone River Basin, Japan, under the A1B 

scenario of the Intergovernmental Panel on Climate Change (IPCC).  Two periods of 

the future projection run outputs: near future (2015-2039) and future (2075-2099), were 

provided by AGCM20 under the A1B scenario of the IPCC.  Throughout the 

comprehensive hydrologic impact analyses using a combination of AGCM20 and the 

hydrologic model, the changes in rainfall, evapotranspiration, and river discharge were 

simulated, and the applicability of AGCM20 for a hydrologic design purpose in the 

future was demonstrated.   
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As of now, there have been a few application studies of AGCM20 in Southeast Asia.  

For example, Endo et al. (2012) investigated the future changes in mean and extreme 

precipitation over Asia using the AGCM20 outputs.  Increases in mean and extreme 

precipitation in South Asia and Southeast Asia were projected for the future period.  

However, the study focused only on the changes in precipitation of the future over Asia 

and did not apply the AGCM20 outputs for any hydrologic analyses. 

 

5.3 Analysis of Raw AGCM20 Outputs 

The Asian monsoon condition is strongly sensitive to global warming because of an 

increase in moisture convergence caused by increases in surface evaporation and water 

vapor in the air column (Kitoh et al., 2013).  Although Southeast Asia is known to be 

one of the areas that are the most vulnerable to climate change, simulating climatic 

conditions in this region by using GCMs is difficult because of the complex climate 

systems and limitation of model validation caused by a lack of the observation data 

(Kundzewicz et al., 2009).   

 

In this section, therefore, the performance of AGCM20 was first validated by comparing 

the raw AGCM20 outputs with the observed rainfall data in the Johor River Watershed 

in the control period (1979-2003), and then future rainfall changes were investigated.  

In addition, the biases of the AGCM20 outputs were adjusted by using a combination of 

bias correction methods introduced in Chapter 2, and rainfall changes in the future 

period (2075-2099) were investigated as well.  Although these investigations are pilot 

studies in the Johor River Watershed, the comparative analyses conducted in this 

section will become important information from AGCM20 for Southeast Asian 
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countries that have rarely been focused on the hydrologic research field. 

 

5.3.1 Bias Correction Method 

Figures 5.1(a) and 5.1(b) compare the mean annual rainfall in Southeast Asia in the 

control period, as observed by APHRODITE and simulated by AGCM20.  In low 

latitudes, AGCM20 can well simulate the mean annual rainfall under the monsoon 

climate.  In Malaysia, however, AGCM20 tends to comparatively overestimate the 

rainfall amount, particularly in the regions that record relatively high annual rainfall, 

such as along the east coast of Peninsular Malaysia.  Since this tendency might affect 

the outputs of the future period, a certain bias-correction method is required to compare 

the AGCM20 outputs and the observed rainfall data.  In this subsection, therefore, a 

combination of two simple bias-correction methods, the multiplicative-shift method and 

CDF mapping method, was applied to the AGCM20 outputs.  A variety of 

bias-correction methods was already described in Chapter 2. 

 

A bias-correction procedure using a combination of the multiplicative-shift method and 

the CDF mapping method is as follows: 

 

① Ranking the daily rainfall data in descending order of rainfall amount in each month 

of each year for both the control and future periods.   

② Calculating the mean rainfall amount at each rank for both the control and future 

periods.   
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③ Applying ① and ② above to both the observed and simulated rainfall data and 

comparing the two rainfall data in the control period.  Figure 5.2 shows its 

conceptual diagram. 

④ Obtaining the bias-correction factor (i.e., a ratio between observed and simulated 

values) at each rank of the control period.  The equation used to obtain the 

bias-correction factor (α𝑖) can be simply described as follows (Kawata, 2015): 

 

 

In Equation (5.1), α𝑖  is the bias-correction factor at rank ith, 𝑅𝑎𝑣𝑒,𝑖,𝑜𝑏𝑠 is the 

mean daily rainfall amount (mm) of the observed data at rank ith, and 𝑅𝑎𝑣𝑒,𝑖,𝑠𝑖𝑚 is 

the mean daily rainfall amount (mm) of the simulated data at rank ith. 

⑤ Multiplying the simulated values in the control period by the obtained 

bias-correction factor at each rank so that the simulated values become the same 

values as the observed values. 

⑥ Multiplying the simulated values in the future period by the same bias-correction 

factor at each rank.  Although Equation (2.1) in Chapter 2 was on the mean 

monthly rainfall, the concept and equation will be the same, even if it is in terms of 

the daily rainfall.  Finally, the biases of the raw AGCM20 outputs in the future 

period are corrected using the same correction factors. 

⑦ Rearranging the daily rainfall data in an original order in each month. 

 

 α𝑖 = 
𝑅𝑎𝑣𝑒,𝑖,𝑜𝑏𝑠
𝑅𝑎𝑣𝑒,𝑖,𝑠𝑖𝑚

 (5.1) 
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(a) Mean annual rainfall observed by APHRODITE  

 

(b) Mean annual rainfall simulated by AGCM20 

Figure 5.1 Mean annual rainfall in Southeast Asia in the control period 
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Figure 5.2 Conceptual diagram of the ranked daily rainfall amount in the control period 

 

Figure 5.3 shows a scatter plot of the mean monthly rainfall in the control period to 

confirm the goodness-of-fit between the observed data and raw AGCM20 outputs.  

AGCM20 tends to overestimate the mean monthly rainfall.  However, it 

underestimates the monthly rainfall in December and January, which are in the 

Northeast (NE) monsoon season, of the Johor River Watershed.  Overall, the 

coefficient of determination is 0.71.  That is, the raw AGCM20 outputs already showed 

satisfactory reproducibility of rainfall in the control period. 
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Figure 5.3 The goodness-of-fit of mean monthly rainfall between the observed data 

(APHRODITE) and raw AGCM20 outputs in the control period in the Johor 

River Watershed 

 

Since the multiplicative-shift method is often used to correct the biases of the mean 

monthly rainfall simulated by GCM, the mean monthly rainfall was duly corrected by 

the bias-correction procedure mentioned above, as shown in Figure 5.4.  As noted in 

Chapter 2, the bias correction has been basically conducted in previous research to 

ensure the future climatology that is simulated using GCM/RCM.  However, there 

have been some researches that recommend not using any bias correction methods for 

the GCM outputs because the bias-correction process adds more uncertainties to 

climate-change impact assessments (Teutschbein and Seibert, 2010) and sometimes 

hides, rather than reduces, uncertainties (Ehret et al., 2012).  In this section, therefore, 

the raw AGCM20 outputs (i.e., AGCM20 outputs without a bias correction) of both the 

control and future periods were also included in the comparative analyses. 
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Figure 5.4 Mean monthly rainfall in the control period in the Johor River Watershed 

 

5.3.2 Annual Rainfall 

Figure 5.5 shows box plots that compare the basin-average annual rainfall for 25 years 

in the Johor River Watershed.  As mentioned in 5.3.1, AGCM20 tends to overestimate 

the annual rainfall amount throughout the control period.  In addition, a difference 

between the maximum and minimum values is large in the raw AGCM20 outputs.  The 

same tendency is also confirmed in the bias-corrected AGCM20 outputs of both periods.  

After the bias correction, however, the mean annual rainfall of 25 years shows almost 

the same values as the observed data in both the control and future periods.  These 

results imply that the bipolarization of rainfall would be amplified in the future, that is, 

the watershed would receive more rainfall when it is a pluvial year and vice versa.  

Therefore, the future monthly rainfall tendency should be checked in the following 

analyses for a better understanding of these situations. 
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Figure 5.5 Box plots of basin-average annual rainfall for 25 years in the Johor River 

Watershed 

 

5.3.3 Monthly Rainfall 

Figure 5.6 shows a comparison of the mean monthly rainfall for 25 years between the 

observed data in the control period, the raw AGCM20 outputs, and the bias-corrected 

AGCM20 outputs in the future period.  As shown in Figure 5.3, AGCM20 tends to 

overestimate the mean monthly rainfall in the control period.  Therefore, the same 

bias-correction method was also applied to AGCM20 outputs of the future period.  The 

orange bars in Figure 5.6 show the bias-corrected mean monthly rainfall in the future.  

In the bias-corrected AGCM20 outputs of the future, slightly high rainfall amounts are 

simulated in the NE monsoon season (i.e., December and January).  In addition, even 

though the NE monsoon season generally starts in November and ends in March, high 

monthly rainfall amount is confirmed in October, as shown in Figure 5.6.  This means 

that there is a possibility that the onset of the NE monsoon season would be earlier 
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(from September to October) in the future.  This hypothesis has already been reported 

by several types of research using the historic rainfall data and/or future GCM outputs. 

   

For example, Kajiwara et al. (2012) found that the monsoon onsets have become earlier 

in Asia, based on the historic monthly mean rainfall datasets from 1979 to 2008.  They 

investigated the historic data that pertain to the onsets of the Asian monsoon, and the 

trends of the Southeast Asian monsoon were getting earlier throughout the period.  

These trends are strongly related to the warming SST trend and the El Niño-Southern 

Oscillation.  Therefore, future trends of the Asian monsoon onsets would become 

noticeably earlier if global warming continues to progress.  In another example, Kitoh 

et al. (2013) used 29 climate models to project global and regional monsoonal rainfall 

and their changes in the 21st century under RCP4.5 and RCP8.5 scenarios.  The 

models projected that monsoon onset dates will be either no change or earlier, while 

retreat dates will delay that result in a lengthening of the monsoon season.  Overall, the 

future monsoonal rainfall projections investigated by Kitoh et al. (2013) found that the 

timings of onset, retreat, and, thus, duration of the monsoon season are expected to 

change in the future.  In particular, earlier onset, later retreat, and the longer duration 

of the monsoon season will be pronounced in Southeast Asia, due to a change of 

hydrologic cycle caused by rises in the sea surface and air temperatures that induce an 

increase in water vapor in the atmosphere.   

 

Almost the same tendencies have been confirmed by historic observation studies (e.g., 

Li and Yanai, 1996; Kawamura et al., 2002; Zhang and Qian, 2002; Kajiwara et al., 

2012) and modeling studies (e.g., Kitoh and Uchiyama, 2006; Kitoh et al., 2013; Lee 
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and Wang, 2014; Dong et al., 2016).  In order to investigate the details of the onset and 

retreat of the monsoon season, Wang and LinHo (2002) defined several criteria, such as 

the total amount of local summer rainfall, annual range of the rainfall rate, seasonal 

relative distribution of rainfall, and pentad mean precipitation rate.  Based on the 

differences of these criteria among the regions, the changes in domain, onset, peak, and 

retreat of the monsoon season in the future can be investigated by further analyses. 

 

Figures 5.7 and 5.8 show box plots of monthly rainfall for 25 years in the Johor River 

Watershed before and after the bias correction, respectively.  Before the bias correction 

(Figure 5.7), the raw AGCM20 outputs show relatively high rainfall amounts, 

particularly in the dry season (i.e., from April to September) in the Johor River 

Watershed, in comparison to the observed data.  The same things were obviously 

confirmed in Figures 5.4 and 5.6, which showed the mean monthly rainfall for 25 years.  

Since AGCM20 tends to overestimate the mean monthly rainfall as shown Figure 5.3, 

the biases of monthly rainfall were corrected using a combination of the 

multiplicative-shift method and CDF mapping method in 5.3.1.  Then, the 

overestimation of monthly rainfall in the dry season is comparatively improved after the 

bias correction (Figure 5.8), and it is confirmed that the monthly rainfall amounts do not 

change in the future in the dry season.  On the other hand, although a range of the 

bias-corrected AGCM20 outputs in the control period is wider than the observed data, 

there are some cases in which the monthly rainfall amounts are quite high in the NE 

monsoon season (e.g., January and February) in the future.  This means that more 

severe rainfall and flood events would occur in the NE monsoon season in the future.  

In addition, the monthly rainfall amount in October in the future is high.  This implies 
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that the onset of the NE monsoon season would become earlier. 

 

 

Figure 5.6 Comparison of mean monthly rainfall for 25 years between the control and 

future periods in the Johor River Watershed 
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5.3.4 Daily Rainfall 

Daily rainfall data in both the control and future periods were arranged in descending 

order for each year, and the mean daily rainfall for 25 years at each rank was obtained 

to validate the daily rainfall reproducibility.  Figure 5.9 shows a daily rank 

comparison of rainfall data among the observed data, raw AGCM20 outputs of the 

control period, and raw AGCM20 outputs of the future period.   

 

A comparison between the observed data and the AGCM20 outputs in the control 

period shows clear tendencies that AGCM20 underestimates the daily rainfall at the 

higher rank (i.e., it produces less rainy days of high intensity) and overestimates it at 

the lower rank (i.e., it produces more rainy days of low intensity).  The same 

tendencies are shown in the AGCM20 outputs of the future period.  The similar 

tendencies of AGCM20 also were observed in Japan (Kim et al., 2009).   

 

Figure 5.10 shows a daily rank comparison of the bias-corrected rainfall data.  The 

tendencies of the AGCM20 outputs mentioned above are almost adjusted after the bias 

correction.  It is obvious that the future daily rainfall shows significantly high values 

at the higher ranks.  Except for the higher ranks (e.g., ranks 1 to 10), the mean daily 

rainfall at each rank shows almost the same value with the observed data.  It means 

that the situation, which was described by the quote introduced in Chapter 1 to explain 

more severe torrential rain, is likely to occur in the future, based on the AGCM20 

outputs.  This finding simply implies that when it rains, it will pour.   
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Figure 5.9 Daily rank comparison of rainfall without the bias correction in the Johor 

River Watershed 

 

Figure 5.10 Daily rank comparison of the bias-corrected rainfall in the Johor River 

Watershed 

 

Then, seven rainfall indices were investigated according to daily rainfall data to 

analyze the details of the differences of rainfall trends between the control and future 

periods.  The seven indices that particularly represent the extreme events, i.e., the 

simple precipitation daily intensity index (SDII), average rainfall intensities of wet 

days exceeding 95% and 99% percentiles (I95 and I99), proportion of wet days to the 

total wet day exceeding 95% and 99% percentiles (R95 and R99), and numbers of wet 
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days exceeding 95% and 99% percentiles (N95 and N99), were examined.  The SDII 

was defined by Kitoh et al. (2013) and other six indices were summarized by Zin et al. 

(2010).  Table 5.2 shows the definitions and units of these rainfall indices.  Zin et al. 

(2010) determined that the 95th and 99th percentiles are the thresholds of extreme 

events that represent very wet days and extremely wet days, respectively.  In Chapter 

3, 1.0 mm/day was determined as the threshold of a rainy day in the Johor River 

Watershed.  Therefore, the following analyses focus on rainy days that exceed 1.0 

mm/day. 

 

Table 5.2 Definitions and units of the seven rainfall indices (Zin et al., 2010; Kitoh et 

al., 2013) 

 

 

Table 5.3 shows the results of the seven rainfall indices examined for each rainfall 

datum.  After the bias correction, some of the indices, such as the mean annual 

rainfall, mean number of rainy days, SDⅡ, and R99, showed almost the same values, 

and they do not change in the future period.  However, the values of three indices that 

are R95, N95, and N99 slightly decrease and two indices, I95 and I99, significantly 

increase in the future period.  In particular, although the numbers of wet days 

exceeding the 95th and 99th percentiles (i.e., N95 and N99) decrease, average rainfall 

intensities exceeding the 95th and 99th percentiles (i.e., I95 and I99) increase.  The 

same thing as mentioned above can be explained by these results; that is, when it rains, 

it will pour. 

Indicator Definitions (units)

Simple precipitation daily intensity index (SDⅡ) The total precipitation divided by the numer of rainy days (mm)

Very wet day intensity (I95)
Average intensity of events greater than or equal to the 95th percentile,

i.e., average 18 wettest rainy days (mm)

Extremely wet day intensity (I99)
Average intensity of events greater than or equal to the 99th percentile,

i.e., average four wettest rainy days (mm)

Very wet day proportion (R95) Percentage of annual total rainfall from events greater than or equal to the 95th percentile (%)

Extremely wet day proportion (R99) Percentage of annual total rainfall from events greater than or equal to the 99th percentile (%)

Very wet days (N95) Number of rainy days exceeding the 95th percentile (days)

Extremely wet days (N99) Number of rainy days exceeding the 99th percentile (days)
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Table 5.3 Results of examination of the rainfall indices in the Johor River Watershed 

 

 

Figures 5.11 and 5.12 show the annual number (frequency) of rainy days for each 

rainfall intensity classification before and after the bias correction of the AGCM20 

outputs, respectively.  The author voluntarily determined the classifications of rainfall 

intensity.  A rainy day that has less than 1.0 mm/day was regarded as a rainless (dry) 

day, based on the threshold of a rainy day in the Johor River Watershed.  As shown in 

Figure 5.11, AGCM20 tends to output less dry days than the observed data.  Instead, 

it outputs more rainy days of moderate intensity; that is, from 2.5 to 20.0 mm/day.  

This tendency of AGCM20 is considered common, based on literature review in 

Chapter 2.  Even after the bias correction (Figure 5.12), the number of dry days 

decreases and rainy days of moderate intensity, particularly from 1.0 to 10.0 mm/day, 

slightly increases in the future.  The number of rainy days of high intensity (i.e., more 

than 20.0 mm/day) decreases both before and after the bias correction.  These imply 

that a future rainfall event would last longer than the current rainfall event with 

moderate-intensity rainy days.  In order to further check it, that is, the tendencies of 

rainfall event duration in the future, wet run lengths, conditional probability, frequency 

of rainfall events, and rainfall time series patterns are investigated in the next 

subsection. 

 

APHRODITE AGCM control AGCM future
AGCM control

bias corrected

AGCM future

bias corrected

Mean annual rainfall 2,223.1 2,463.2 2,429.2 2,218.9 2,212.1

Mean number of rainy days 241 318 308 252 247

SDⅡ 9.2 7.7 7.9 8.8 8.9

I95 34.9 27.5 30.4 36.1 39.4

I99 57.7 55.3 78.6 61.3 85.9

R95 1.5 1.2 0.8 1.2 0.9

R99 0.4 0.5 0.3 0.4 0.4

N95 5.6 4.3 2.9 4.2 3.2

N99 1.6 1.8 1.2 1.6 1.3
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Figure 5.11 Frequency of rainy days before the bias correction in the Johor River 

Watershed 

 

 

Figure 5.12 Frequency of rainy days after the bias correction in the Johor River 

Watershed 
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5.3.5 Occurrence of Multiday Rainfall Events 

In order to investigate the occurrence of multiday rainfall events in the future, this 

subsection applied the same analyses as was conducted in Chapter 3: the estimations of 

numbers of wet run lengths and conditional probability, to each rainfall dataset. 

 

5.3.5.1 Wet Run Lengths 

Figures 5.13 and 5.14 respectively show the probability distributions based on the 

estimated numbers of wet run lengths in the Johor River Watershed for 25 years before 

and after the bias correction of the AGCM20 outputs.  Here it should be noted that the 

sample size is different from that used in Chapter 3.  Based on the observed rainfall 

data obtained by APHRODITE from 1951 to 2007 (57 years), it was clarified in 

Chapter 3 that approximately 31% of the wet run lengths were single rainy days, and 

approximately 69% of the wet run lengths were equal to, or more than, two 

consecutive rainy days.  According to the statistics of the observed rainfall data for 25 

years in the control period (from 1979 to 2003), approximately 29% of the wet run 

lengths were single rainy days and the rest of the wet run lengths were not.  These 

results still show the similar results with those obtained in Chapter 3.  Therefore, the 

probability distribution of the wet run lengths of the observed data for 25 years could 

be comparable with the results using the AGCM20 outputs. 

 

Before the bias correction (Figure 5.13), the probability distributions of the AGCM20 

outputs show longer wet run lengths than those of the observed data.  This means that 

more multiday rainfall events are produced in AGCM20 simulations.  Rainfall events 

that last more than 6 days are produced more than the observed data in AGCM20 

simulations.  In particular, rainfall events continuing more than one month are also 

dominant in AGCM20 simulations without the bias correction. 
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After the bias correction (Figure 5.14), the probability distributions of the AGCM20 

outputs show the similar tendencies with the observed data.  Based on these estimates, 

in the future approximately 26% of the total wet run lengths will be single rainy days 

and the rest of the total will not.  This means that the number of single rainy days 

decreases compared to the control period and multiday rainfall events would occur 

more frequently in the future.  In particular, a higher probability of the wet run 

lengths that last more than 4 days is confirmed in the bias-corrected future AGCM20 

outputs.  In that case, the critical rainfall duration for design flood estimation, which 

was determined in Chapter 4, might change in the future.  Therefore, further 

investigations are required to confirm the critical rainfall duration that takes into 

consideration future rainfall fluctuations caused by climate change. 

 

 

Figure 5.13 Probability distribution of wet run lengths before the bias correction in the 

Johor River Watershed 
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Figure 5.14 Probability distribution of wet run lengths after the bias correction in the 

Johor River Watershed 

 

5.3.5.2 Conditional Probability 

In Chapter 3, the conditional probability was estimated to investigate whether the 

occurrence of random events is either statistically independent or dependent.  By 

analyzing the probability structure, the conditional probability is able to check whether 

rainfall events are dependent on the weather (rainy or dry) of the previous day and 

confirm whether multiday rainfall events easily occur.  The equations to estimate the 

conditional probabilities were described in Chapter 3 [Equations (3.4), (3.5), (3.6), and 

(3.7)].  In this chapter, Equation (3.5) was applied to the frequency of the rainy days 

of each dataset, including the bias-corrected AGCM20 outputs, to estimate the 

conditional probability of consecutive rainy days of the future in the Johor River 

Watershed.  Then, the occurrence of multiday rainfall events in the future was 

investigated.  Based on the theory of conditional probability, if day-to-day rainfall is 

independent in the study area, then the probability of rain on any day will remain 

constant at the estimated probability of rain on any random day. 
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Figure 5.15 shows the frequency of rainy days and the estimated conditional 

probability of consecutive rainy days from 1 to 21 of each dataset.  First of all, Figure 

5.15 (a) shows the results obtained from the observed data (i.e., APHRODITE).  The 

estimated probability of rain on any random day is approximately 0.66.  In Chapter 3, 

incidentally, the estimated probability using a larger sample size (i.e., 57 years) was 

approximately 0.65 in the Johor River Watershed.  Although the sample size is 

smaller than that used in Chapter 3 (i.e., 25 years), the conditional probability does not 

change in this case.  Therefore, the results of Figure 5.15 (a) could be compared with 

other datasets. 

 

Then, Figures 5.15 (b) and 5.15 (c) show the results obtained from the raw AGCM20 

outputs in the control period and their bias-corrected data, respectively.  In addition, 

Figures 5.15 (d) and 5.15 (e) show the results obtained from the raw AGCM20 outputs 

in the future period and their bias-corrected data, respectively.  According to Figures 

5.15 (b) and 5.15 (d), the frequencies of rainy days and the estimated conditional 

probabilities are significantly higher than those of the observed data [Figure 5.15 (a)].  

These results are due to the AGCM20’s tendency to output more rainy days of 

moderate rainfall intensity than the observed data.  After the bias correction, however, 

the results obtained from the bias-corrected AGCM20 outputs in the control period 

[Figure 5.15 (c)] correspond well to the results of the observed data [Figure 5.15 (a)].  

This means that the AGCM20 outputs were well adjusted by the bias correction, in 

terms of the frequency of rainy day.  Then, when the biases of the AGCM20 outputs 

in the future period are corrected in the same way, the conditional probability shows 

almost the same results as those of the observed data.  This means that the rainfall 

events are still dependent in the Johor River Watershed in the future since the 

probability of rain is not constant.  Moreover, it is clarified that the same situations 
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that multiday rainfall events easily occur will be passed to the future. 

 

 

(a) APHRODITE from 1979 to 2003 

 

 (b) AGCM20 from 1979 to 2003  (c) Bias-corrected AGCM20 from 1979 to 2003 

 

  (d) AGCM20 from 2075 to 2099  (e) Bias-corrected AGCM20 from 2075 to 2099 

Figure 5.15 Conditional probability of each rainfall dataset in the Johor River 

Watershed 
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5.3.6 Rainfall Duration 

In Chapter 4, four investigations were conducted to determine the most rational rainfall 

duration for design flood estimation in the Johor River Watershed (Figure 4.3).  Two 

out of four investigations focused on rainfall characteristics.  One investigation 

surveyed the duration of rainfall events to find the most frequent rainfall duration and 

to understand the dominant rainfall duration.  Another investigation normalized 

rainfall time series patterns to reveal the main rainfall duration of the continuous rainy 

days.  In this subsection, the same investigations were applied to each rainfall dataset 

to grasp the changes in the future rainfall duration characteristics. 

 

5.3.6.1 Extraction of rainfall  

Before conducting two investigations, the rainfall events were extracted from the 

collected rainfall data based on the thresholds shown in Table 5.4.  With the 

consideration of the specific rainfall characteristic of consecutive rainy days continuing 

almost every day in the NE monsoon season in the Johor River Watershed as in 

Chapter 4, the mean daily rainfall of the watershed average of the Johor River was 

used as the threshold of daily rainfall in the extraction process.  In this case, rainy 

days where the amount of rainfall was less than the threshold are disregarded when 

extracting one rainfall event.  In Chapter 4, the extracted rainfall events were divided 

into three classes (100, 150, and 200 mm/event) based on the thresholds of the total 

amount of rainfall for each event.  However, this subsection changed these three 

classifications into 100, 150, and more than 200 mm/event, because the sample size 

(i.e., 25 years) in this chapter is smaller than that used in Chapter 4 (i.e., 57 years) and, 

thus, the number of events for investigations was anticipated to be significantly less.  

Since the flood threshold that was based on the rainfall amount of one event ranged 

from 140 to 170 mm (Muhammad, 2013; Abdullah et al., 2016), it should be noted that 
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the important threshold of the total amount of rainfall for one event is 150 mm/event, 

as mentioned in Chapter 4. 

 

Table 5.5 shows the number of rainfall events (frequency) extracted for each amount of 

rainfall for one event.  The raw AGCM20 outputs in the control period indicate higher 

threshold values; that is, higher mean daily rainfall on the watershed average.  In 

addition, more rainfall events are produced in each classification of rainfall amount.  

However, the bias-corrected AGCM20 outputs in the control period show the same 

threshold value and almost the same event frequencies.  This means that the AGCM 

outputs were well adjusted, in terms of the frequency of rainfall event, by the bias 

correction.  Although the raw AGCM20 outputs in the future period also indicate a 

higher threshold value (i.e., a higher mean daily rainfall), the threshold value becomes 

less than that in the control period after the bias correction.  This means that the mean 

daily rainfall on the watershed average will decrease in the future.  However, 

increases in the event frequencies are confirmed in the future period.  In particular, 

the frequency of small rainfall events (i.e., 100 mm/day) significantly increases.  

Perhaps these are caused by a decrease in the threshold value for event extraction.  On 

the other hand, the frequency of large rainfall events (i.e., more than 200 mm/day) also 

significantly increases, even though the mean daily rainfall on the watershed average 

decreases.  This implies that the more intensified rainfall events would occur in the 

future when once a rain event starts. 

 

Table 5.4 Thresholds for the rainfall event extraction  

 

APHRODITE
AGCM20

control

AGCM20 control

bias corrected

AGCM20

future

AGCM20 future

bias corrected

Threshold

(mm/day)
6.2 6.8 6.2 6.7 6.1
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Table 5.5 Frequencies of rainfall events of each dataset 

 

 

5.3.6.2 Histogram 

In 4.2.5 of Chapter 4, the duration of rainfall events was surveyed to find the most 

frequent rainfall duration and to confirm the dominant rainfall duration among historic 

rainfall events.  The same survey was conducted in all datasets.   

 

Figure 5.16 shows the ratio of rainfall event duration at 100, 150, and more than 200 

mm/event of each dataset.  According to Figure 5.16 (a), which shows the results 

obtained from the observed data, rainfall duration that ranges from 4 to 6 days is 

dominant.  Even though the sample size is smaller than that used in Chapter 4, Figure 

5.16 (a) shows similar results as the findings presented in Chapter 4.  Based on the 

results of the raw AGCM20 outputs [Figures 5.16 (b) and 5.16 (d)], the most frequent 

and dominant rainfall duration cannot be identified because these results show a 

considerably longer rainfall duration than those of the observed data.  Even though 

the amount of rainfall for one event is 100 mm/event, the rainfall duration disperses, 

Dataset
Rainfall amount

(mm/event)

Range

(mm/event)

Threshold

(mm/day)
Event frequency

100   75 - 125 60

150 125 - 175 13

       > 200   175 - 13

100   75 - 125 79

150 125 - 175 23

       > 200   175 - 20

100   75 - 125 60

150 125 - 175 14

       > 200   175 - 12

100   75 - 125 77

150 125 - 175 31

       > 200   175 - 22

100   75 - 125 70

150 125 - 175 12

       > 200   175 - 17

APHRODITE

AGCM20 control

AGCM20 control

bias corrected

AGCM20 future

AGCM20 future

bias corrected

6.2

6.8

6.2

6.7

6.1
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such as from 1 to 13 days, in the control period and 1 to 12 days in the future period.  

This is because AGCM20 tends to output more rainy days with moderate rainfall 

intensity, as mentioned in 5.3.4.   

 

Figure 5.16 (c) and 5.16 (e) show the results obtained from the bias-corrected 

AGCM20 outputs in the control and future periods, respectively.  After the bias 

correction, the dominant rainfall duration can be clearly confirmed in both periods.  

In the bias-corrected AGCM20 outputs in the control period, the rainfall duration from 

3 to 7 days is dominant.  However, the rainfall duration from 2 to 7 days is dominant 

in the future period.  In particular, the 2-day-long rainfall event is remarkably 

frequent, at 150 mm/event, which is an important flood threshold based on the rainfall 

amount of one event.   

 

According to the results discussed above, in the future the critical rainfall for design 

flood estimation might have to be determined for shorter duration.  Therefore, the 

rainfall time series patterns of rainfall events are investigated to clarify the main 

rainfall duration in the next analysis. 
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(a) APHRODITE from 1979 to 2003 

 

 (b) AGCM20 from 1979 to 2003  (c) AGCM20 bias corrected from 1979 to 2003 

 

    (d) AGCM20 from 2075 to 2099  (e) AGCM20 bias corrected from 2075 to 2099 

Figure 5.16 Ratio of the historic rainfall event duration at 100, 150, and more than 200 

mm/event in the Johor River Watershed 
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5.3.6.3 Normalization of Rainfall Time Series 

In Chapter 4, the rainfall time series patterns of historic rainfall events were 

investigated by normalizing the rainfall amounts of each event to clarify the significant 

rainfall duration of the continuous rainy days and by ignoring low rainfall duration.  

The centroids of every rainfall time series were first estimated to arrange them based 

on Equation (4.53).  Then, the mean amount of rainfall for each day was calculated.  

Finally, each rainfall time series was normalized, based on the total amount of rainfall 

in each event, to directly compare the time series and to confirm the significant rainfall 

duration.  The same steps were applied to all datasets and the main rainfall duration 

during the rainfall event was clarified and compared by this analysis.  Additionally, 

the rainfall events in which the amount of rainfall is more than 200 mm/event were 

eliminated from this analysis since the rainfall duration of those events ranges widely, 

as shown in Figure 5.16, particularly in Figures 5.16 (b) and 5.16 (d).  In these cases, 

it is difficult to distinguish the significant rainfall duration. 

 

Figure 5.17 shows the results of the normalized rainfall time series arrangement based 

on the centroids.  When periods from the rising point to the endpoint almost agreed, it 

means that the periods indicate the main rainfall duration, and the periods would be 

significant rainfall duration in the rainfall time series.  The results obtained from the 

raw AGCM20 outputs [Figure 5.17 (b) and 5.17 (d)] show a considerably longer 

rainfall time series with relatively low rainfall intensity than those obtained from the 

observed data [Figure 5.17 (a)].  During the prolonged rainfall time series, a few days 

(i.e., from 2 to 3 days) with comparatively high rainfall intensity are confirmed.  

However, the mean peaks of rainfall are not so high in both control and future periods 

when compared with Figure 5.17 (a).  These results again confirm that AGCM20 

tends to output long-term rainfall events of low rainfall intensity.  Consequently, the 
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normalized rainfall time series are long in comparison to the normalized rainfall time 

series of the observed data. 

 

According to Figure 5.17 (c), the prolonged rainfall are corrected after the bias 

correction, and shapes of time series are similar with those of the observed data shown 

in Figure 5.17 (a).  In this case, the significant rainfall duration is approximately 4 to 

6 days and this result matches the findings of the observed data.   

 

Figure 5.17 (e) shows the normalized rainfall time series of the bias-corrected future 

AGCM20 outputs and the prolonged rainfall are also corrected.  However, 

particularly in the rainfall event of 150 mm/event, two days on which the rainfall 

intensity sharply increases are identified among rainy days with relatively low intensity.  

Even though the patterns of the rainfall time series have not yet been analyzed, this 

implies that torrential rain would tend to occur in the future.  Therefore, the shorter 

critical rainfall duration might have to be considered in the future design flood 

estimation.  This research will leave this issue as a future challenge. 

 

Since the rainfall time series were arranged based on the centroids and normalized 

based on the total amount of rainfall, these results are not able to identify the rainfall 

patterns (types), such as guerrilla-type rain, frontal rain, and typhoon-related rain, 

which have already investigated targeting the historic rainfall data in Chapter 4.  In 

fact, the occurrence of flooding is strongly related to the types of rainfall patterns.  

Therefore, the next subsection analyzes the types of rainfall events for each rainfall 

dataset. 
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(a) APHRODITE from 1979 to 2003 

 

(b) AGCM20 from 1979 to 2003  (c) AGCM20 bias corrected from 1979 to 2003 

 

    (d) AGCM20 from 2075 to 2099  (e) AGCM20 bias corrected from 2075 to 2099 

Figure 5.17 Normalized rainfall time series of each dataset in the Johor River 

Watershed 

 

 

 

 

 

 



192 

 

5.3.7 Rainfall Pattern 

In Chapter 4, rainfall time series were classified into three patterns: the forward-peaked, 

centrally-peaked, and backward-peaked rainfall time series, based on the x value of 

centroids of the rainfall time series.  Equation (4.53) was used to calculate the x value 

of the centroid of the rainfall time series.  In this subsection, the rainfall time series of 

each dataset were classified into the same three patterns because the occurrence of 

flooding is strongly related to the types of rainfall patterns.  It is important to 

understand the future changes in rainfall patterns for considering the impacts of climate 

change into design flood estimation. 

 

The three rainfall time series patterns and features of these rainfall patterns were 

respectively summarized in Figure 4.5 and Table 4.4 in Chapter 4.  The 

forward-peaked rainfall time series represent guerrilla-type rain; the centrally-peaked 

rainfall time series signify frontal rain; and the backward-peaked rainfall time series 

indicate typhoon-related rain (Hashino, 1986).  Based on the relationship between the 

calculated x value of the centroid and the half value of rainfall duration, the rainfall 

events can be categorized into the three patterns.  In Chapter 4, it was clarified that 

the backward-peaked rainfall pattern has been dominant, based on the historical 

rainfall records of the Johor River Watershed.  The backward-peaked rainfall, that is, 

typhoon-like rainfall, is known as one of the factors that easily cause long-term 

flooding.   

 

Figures 5.18, 5.19, 5.20, 5.21, and 5.22 show the comparisons between the x values of 

the estimated centroids and the half values of rainfall duration for each dataset.  Table 

5.6 summarizes the number of times each rainfall pattern occurred during each rainfall 

event.  It is obvious from each rainfall event in all datasets that the backward-peaked 
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rainfall pattern is still dominant in the Johor River Watershed.  Although AGCM20 

tends to produce more rainfall events than the observed data, the bias-corrected 

AGCM20 outputs in the control period show better goodness-of-fit with the observed 

data than the raw AGCM20 outputs.  When the bias-corrected AGCM20 outputs in 

the future period are compared with the observed data (i.e., historical records), the total 

number of rainfall events has increased from 87 to 99.  This simply means that more 

rainfall events would occur in the future.  Among the rainfall events in the future 

period, the backward-peaked rainfall pattern, that is, the typhoon-like rainfall pattern 

that causes flooding is dominant as well as the historical records.  However, some 

cases of the forward-peaked rainfall pattern that causes flash flooding due to 

guerrilla-type rain are also confirmed in the future period, particularly in the big 

rainfall events in which the rainfall amount is more than 200 mm/event.  Since the 

number of samples (i.e., analyzed data) is not enough to validate these results, the 

future rainfall patterns should be also focused on a design flood system to determine 

the design rainfall duration and pattern of the future in further analysis.    

 

 

       (a) 100 mm/event        (b) 150 mm/event   (c) More than 200 mm/event 

Figure 5.18 Comparisons between the calculated x values of centroids and the half 

values of rainfall duration of the observed data (APHRODITE) in the 

Johor River Watershed 
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       (a) 100 mm/event        (b) 150 mm/event   (c) More than 200 mm/event 

Figure 5.19 Comparisons between the calculated x values of centroids and the half 

values of rainfall duration of the raw AGCM20 outputs in the control 

period in the Johor River Watershed 

 

       (a) 100 mm/event        (b) 150 mm/event   (c) More than 200 mm/event 

Figure 5.20 Comparisons between the calculated x values of centroids and the half 

values of rainfall duration of the bias-corrected AGCM20 outputs in the 

control period in the Johor River Watershed 

 

       (a) 100 mm/event        (b) 150 mm/event   (c) More than 200 mm/event 

Figure 5.21 Comparisons between the calculated x values of centroids and the half 

values of rainfall duration of the raw AGCM20 outputs in the future 

period in the Johor River Watershed 
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       (a) 100 mm/event        (b) 150 mm/event   (c) More than 200 mm/event 

Figure 5.22 Comparisons between the calculated x values of centroids and the half 

values of rainfall duration of the bias-corrected AGCM20 outputs in the 

future period in the Johor River Watershed 

 

Table 5.6 Number of each rainfall pattern for each rainfall event for each dataset in the 

Johor River Watershed 

 

 

 

 

 

Forward peaked Central peaked Backward  peaked

100 3 4 53

150 0 0 13

       > 200 0 1 13

100 0 1 78

150 2 1 20

       > 200 4 1 15

100 5 4 51

150 1 0 13

       > 200 1 0 11

100 2 1 74

150 2 0 29

       > 200 1 3 18

100 2 2 66

150 1 0 11

       > 200 3 1 13

AGCM20 control

bias corrected

AGCM20 future

AGCM20 future

bias corrected

Rainfall pattern
Dataset

Rainfall amount

(mm/event)

APHRODITE

AGCM20 control
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5.4 Summary 

In this chapter, a super-high-resolution atmospheric general circulation model 

(AGCM20) was introduced to the Johor River Watershed.  Since there have been only 

a few application studies of AGCM20 with regard to the hydrologic assessment in 

Southeast Asia until now, this chapter validated the performance of AGCM20 and 

investigated future rainfall changes using the AGCM20 outputs of the Johor River 

Watershed. 

 

Annual, monthly, and daily rainfalls were first analyzed to investigate the future 

rainfall changes.  The changes in annual rainfall implied that the bipolarization of 

rainfall amounts between the pluvial and rainless years would be amplified in the 

future; that is, the watershed would receive more rainfall when it is a pluvial year, and 

vice versa.  Monthly rainfall analysis showed that more severe rainfall and flood 

events with high rainfall intensity would occur in the NE monsoon season and the 

onset of the NE monsoon season would become earlier.  In addition, the daily rainfall 

analysis clarified that more severe torrential rain would occur in the future.  Based on 

the analyses of rainfall duration, the critical rainfall duration might have to be 

determined for shorter duration because torrential rain would occur more frequently in 

the future.  This research will leave this issue as a future challenge. 

 

Although the investigations and analyses conducted in this chapter were pilot studies in 

the Johor River Watershed, these findings will be definitely important to construct the 

design flood system that considers the impact of climate change on the watershed in 

Southeast Asia of the future.  In the next chapter, the AGCM20 outputs are utilized 

for a hydrological frequency analysis and runoff simulations to investigate the future 

changes in extreme rainfall and flood events.
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CHAPTER 6 

 

IMPACTS OF CLIMATE CHANGE ON EXTREME EVENTS 

 

In Chapter 5, future rainfall changes were investigated from various perspectives using 

the AGCM20 outputs.  In recent years, many types of research have focused on the 

development of GCMs themselves, investigations of their performance, and 

improvement of their parameterization schemes.  However, these researches seldom 

applied GCMs to the actual hydrological assessments.  Since a future impact of 

climate change on water resources and management is one of the greatest concerns in 

Southeast Asian countries, this chapter focuses on the impacts of climate change, 

particularly on extreme rainfall and flood events in the Johor River Watershed.  This 

chapter has three main objectives, which are (1) to propose a bias-correction method 

that is able to correct the extreme rainfall in order to apply the future rainfall data of 

AGCM20 to a runoff simulation, (2) to investigate the future changes in extreme 

rainfall and flood events by runoff simulations using the future rainfall data, and (3) to 

estimate a future-oriented design flood value for the Johor River Watershed. 

 

6.1 Investigation Procedure 

Figure 6.1 shows a flow chart of investigations conducted in this chapter.  This 

chapter applied the methodologies that were established and formulated in the previous 

chapters to the AGCM20 outputs to investigate the future changes in extreme rainfall 

and flood events.   

 

First, five types of the obtained rainfall data: the observed data (i.e., APHRODITE) in 

the control period (1979-2003), raw AGCM20 outputs in the control and future 
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(2075-2099) periods, and AGCM20 outputs with the biases already corrected in 

Chapter 5 in both periods, were used to extract the annual maximum rainfall with 1- to 

8-day durations.  The data extraction period was 25 years in all datasets. 

 

Second, the extracted annual maximum rainfall with diverse durations was validated 

by comparisons among the obtained values from all datasets.  Based on the validation 

of the extracted annual maximum rainfall, an appropriate bias-correction method that 

can adjust the extreme rainfall was pondered, and a hydrological frequency analysis 

was carried out using the extracted annual maximum rainfall with 1- to 8-day durations 

obtained from the observed data and raw AGCM20 outputs at the same time. 

 

Then, the bias correction was applied using the Cumulative Distribution Function 

(CDF) mapping method to the extreme rainfall.  The reasons why the bias-correction 

method used in Chapter 5 was not used to adjust the extreme rainfall and CDF 

mapping method was selected are explained in 6.2.1 and 6.2.3 in this chapter, 

respectively.   

 

Finally, the future changes in extreme rainfall and flood events, in terms of return 

periods, were analyzed using the Probability Density Function (PDF) mapping method 

and a hydrological simulation model.  The Hydrologic Simulation 

Program-FORTRAN (HSPF), formulated in Chapter 3 for the Johor River Watershed, 

was used to simulate peak flows, and a future-oriented design flood value was finally 

estimated. 
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Figure 6.1 Flow chart of the investigations in this chapter for the Johor River 

Watershed 

 

6.2 Future Extreme Rainfall Events 

The bias-correction method used in Chapter 5 corrected the biases of mean monthly 

rainfall based on an adjustment of the ranked average daily rainfall.  This means that 

the bias-correction method did not take into consideration of the extreme rainfall in the 

previous chapter.  Therefore, this section first validates the goodness-of-fit of the 

extreme rainfall of the AGCM20 outputs that biases were corrected in the previous 

chapter by comparing with the extreme rainfall obtained from the observed data in the 

control period.  Then, this section proposes a bias-correction method that can adjust 

the biases of the extreme rainfall and consider diverse rainfall duration of events. 
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6.2.1 Validation of Annual Maximum Rainfall  

Overall, the bias-correction method used in Chapter 5 showed very good performance 

in terms of annual, monthly, daily rainfalls, and the occurrence of rainfall events.  

However, the performance in regard to the extreme rainfall was not confirmed.  

AGCM20 has been developed to simulate the climatology on earth.  In this case, the 

bias-correction method using the adjustment of the ranked average daily rainfall that 

was carried out in Chapter 5 may not be applicable to correct the biases of the extreme 

rainfall since the simulated daily rainfall in AGCM20 is based on the atmospheric 

conditions in the model which depend on the boundary conditions, parameters, etc.  

This fact was already reviewed and clarified by literature review in Chapter 2.   

 

Figure 6.2 shows a comparison of the annual maximum rainfall obtained from both the 

observed data and the bias-corrected AGCM20 outputs in Chapter 5, corresponding to 

representative rainfall durations (i.e., from 1 to 8 days) determined in Chapter 4.  

From Figure 6.2, it is obvious that the annual maximum rainfall is not adequately 

adjusted by the bias-correction method used in Chapter 5, as the differences between 

the observed data and bias-corrected AGCM20 outputs are still large in the control 

period.  In addition, the bias-correction method used in Chapter 5, that is, a 

combination of the multiplicative-shift method and CDF mapping method cannot take 

into account the rainfall duration in the bias correction.  Therefore, a bias-correction 

method that can account for extreme values with diverse durations of rainfall is 

required.  Then, the AGCM20 outputs can be eventually applied to the hydrologic 

analyses and assessments in the Johor River Watershed.   
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Figure 6.3 compares the annual maximum rainfall with diverse durations between the 

observed data and raw AGCM20 outputs (without any bias corrections) in the control 

period.  The values of the coefficient of determination (R
2
) indicate a satisfactory 

goodness-of-fit.  However, AGCM20 tends to underestimate extreme rainfall in 

rainless years and overestimate it in pluvial years. 

 

Fundamentally, AGCM20 has been developed to simulate the extreme rainfall with 

high accuracy and resolution without downscaling, unlike the conventional GCMs.  

Therefore, the extreme rainfall of the AGCM20 outputs in the future ought to take into 

consideration of the future changes in climatology.  As Huang et al. (2014) mentioned, 

the additional processes by the bias correction would produce more uncertainties of the 

outputs because the statistical changes in the predictand and predictor of the future 

cannot be corrected by the bias correction.  In this sense, the bias correction might not 

be mandatory.  As noted in Chapter 2, however, users have to first ponder the 

necessity of bias correction, depending on their research interests and purposes, and 

then to select the most appropriate bias-correction method according to their research 

objectives.   

 

The tendencies of climatology and biases of the AGCM20 outputs in the control period 

shown in Figure 6.3 are supposed to remain in the outputs of the future period.  Thus, 

an appropriate bias-correction method that can consider multiday rainfall is required 

for using the future AGCM20 outputs to the hydrological frequency analysis.  In the 

next subsection, the details of applications of the hydrological frequency analysis and 

bias-correction method for the extreme rainfall with diverse durations are described to 

apply the future AGCM20 outputs to the hydrological analyses and assessments.
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6.2.2 Application Procedure of Hydrological Frequency Analysis and 

Bias-correction Method 

Figure 6.4 shows the flow chart of the hydrological frequency analysis conducted in 

this chapter.  Considering the results of the validation and tendencies of the annual 

maximum rainfall with diverse durations in the AGCM20 simulations, this research 

first conducted the hydrological frequency analysis of rainfall using the observed data 

and raw AGCM20 outputs in both control and future periods.  Then, the biases of the 

obtained probable rainfall were directly corrected using the CDF mapping method to 

apply the AGCM20 outputs to the latter analyses.   

 

The basic procedure of the hydrological frequency analysis is the same as that was 

used in Chapter 4.  The annual maximum rainfall with diverse durations was first 

extracted from three rainfall datasets: the observed data and raw AGCM20 outputs in 

both the control and future periods.  Then, the Generalized Pareto (GP) distribution 

was applied to the annual maximum rainfall as the representative probability 

distribution that was determined for the Johor River Watershed in Chapter 4.   

 

After this basic procedure of the hydrological frequency analysis, the CDF of rainfall 

with diverse durations was created for each dataset to apply the bias-correction method, 

the CDF mapping method, to the estimated probable rainfall.  Finally, the 

bias-corrected probable rainfall was obtained and it was used to the latter analyses such 

as the projection of the future rainfall return periods (Section 6.3) and runoff 

simulations (Section 6.4). 
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Figure 6.4 Flow chart of the hydrological frequency analysis conducted in this chapter 

 

6.2.3 Bias Correction for Extreme Rainfall of Diverse Durations  

In this research, a bias-correction method using the CDF was used to adjust the biases 

of the extreme rainfall of AGCM20 outputs.  The CDF mapping method is considered 

to be the simplest way to incorporate the diverse rainfall durations into the bias 

correction of extreme rainfall.  This method is feasible when the observation data 

have the similar resolution as that of the climate model (Maraun, 2013).   

 

The concepts, principles, and procedures of the CDF mapping method were already 

explained in Chapter 2.  Figure 2.6 in Chapter 2 showed the conceptual diagram of 

the CDF mapping method.  The horizontal axis of Figure 2.6 can be replaced by the 

non-exceedance probability (Inomata et al., 2009; Watanabe et al., 2013), and the same 

method to calculate the transfer function can be applied to this method.  Figure 6.5 

shows the CDF mapping method that the horizontal axis is replaced by the 

non-exceedance probability.   
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Figure 6.5 The CDF mapping method for extreme rainfall used in this chapter 

 

In this case, a ratio between the observed value and AGCM20 output of the control 

period is obtained at a corresponding non-exceedance probability.  This method uses 

the concept that the ratio obtained in the control period will not change in the future 

period.  Then the AGCM20 output of the future period is multiplied by the obtained 

ratio at the corresponding non-exceedance probability.  The following equations are 

used to correct the extreme rainfall of the AGCM20 outputs: 

 

 α𝑁𝐸 = 𝑅𝑁𝐸_𝑂𝑏𝑠/𝑅𝑁𝐸_𝐺𝐶𝑀_𝑐𝑢𝑟𝑟𝑒𝑛𝑡 (5.1) 

 𝑅𝑁𝐸_𝐺𝐶𝑀_𝑓𝑢𝑡𝑢𝑟𝑒_𝑏𝑖𝑎𝑠 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝛼𝑁𝐸 × 𝑅𝑁𝐸_𝐺𝐶𝑀_𝑓𝑢𝑡𝑢𝑟𝑒 (5.2) 

 

In Equations (5.1) and (5.2), NE is the non-exceedance probability, α𝑁𝐸 is a ratio 

between the observed value and AGCM20 output of the control period at the 

non-exceedance probability of NE, 𝑅𝑁𝐸_𝑂𝑏𝑠  is the observed rainfall at the 

non-exceedance probability of NE, 𝑅𝑁𝐸_𝐺𝐶𝑀_𝑐𝑢𝑟𝑟𝑒𝑛𝑡 is the AGCM20 output of the 
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control period at the non-exceedance probability of NE, 𝑅𝑁𝐸_𝐺𝐶𝑀_𝑓𝑢𝑡𝑢𝑟𝑒  is the 

AGCM20 output of the future period at the non-exceedance probability of NE, and 

𝑅𝑁𝐸_𝐺𝐶𝑀_𝑓𝑢𝑡𝑢𝑟𝑒_𝑏𝑖𝑎𝑠 𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑  is the bias-corrected AGCM20 output of the future 

period at the non-exceedance probability of NE. 

 

This research first estimated the probable rainfall of each duration from the observed 

data and raw AGCM20 outputs and then applied the CDF mapping method to the 

probable rainfall.  Déqué (2007) has already validated the applicability of the CDF 

mapping method.  Déqué (2007) used a simpler type of the CDF mapping method 

that consists of plotting model values against observed values corresponding to the 

same probability and concluded that the CDF mapping method is applicable to the bias 

correction when the same number of data is used in both the observed data and GCM 

outputs.  In this research, the annual maximum rainfall of 25 years was extracted to 

obtain the probable rainfall for the same non-exceedance probabilities.  Therefore, the 

number of data is the same and, thus, the CDF mapping method is applicable to the 

bias correction. 

 

6.2.4 Application and Validation 

This subsection practically applies the CDF mapping method to the estimated probable 

rainfall, which was obtained by applying the GP distribution to the annual maximum 

rainfall of each dataset, to correct its biases.  Figure 6.6 shows an example of CDFs 

that are used to correct the probable rainfall.  The CDFs of 1-day probable rainfall are 

shown in Figure 6.6.  The green diamond plots show the probable rainfall estimated 

from the observed rainfall data using the GP distribution.  The blue triangular plots 

show the probable rainfall estimated from the raw AGCM20 outputs in the control 

period using the GP distribution as well.  In this example, when these plots are 



208 

 

compared at each corresponding non-exceedance probability, there is a gap between 

two values.  In lower non-exceedance probability, the probable rainfall obtained from 

the AGCM20 outputs tends to be underestimated and it tends to be overestimated in 

higher non-exceedance probability compared with the probable rainfall estimated from 

the observed data.  Therefore, a ratio between the probable rainfall estimated by the 

observed data and AGCM20 outputs of the control period was obtained at each 

corresponding non-exceedance probability, based on Equation (5.1), so that the 

probable rainfall amount estimated from the AGCM20 outputs of the control period 

matches that obtained from the observed data.  Then, the AGCM20 output of the 

future period was multiplied by the obtained ratio at the corresponding non-exceedance 

probability based on Equation (5.1).  Finally, the biases of the probable rainfall 

obtained from the future AGCM20 outputs were corrected, as shown in Figure 6.7. 

 

Figure 6.8 shows the CDFs that are obtained by applying the GP distribution to the 

annual maximum rainfall with diverse rainfall durations and used to correct the biases 

of the extreme values.  Figure 6.9 shows the results of bias-corrected probable rainfall 

with diverse durations from 1 to 8 days using the CDF mapping method.  In the latter 

analyses, the probable rainfall obtained from the observed data is used as a current 

scenario.  In addition, the bias-corrected probable rainfall estimated from the future 

AGCM20 outputs is used as a future scenario. 
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Figure 6.6 CDF for 1-day probable rainfall in the Johor River Watershed 

 

 

Figure 6.7 Bias-corrected, 1-day probable rainfall using the CDF mapping method in 

the Johor River Watershed 
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6.3 Future Extreme Rainfall Changes 

According to the results obtained in Chapter 5, the rainfall intensity during the events 

is likely to be amplified at the end of the 21st century in the Johor River Watershed.  

In this section, the changes in future extreme rainfall events were investigated by 

comparing the changes in return periods between the current and future scenarios.  

This approach to assessing the changes in extreme rainfall events using return periods 

has been recently introduced by Seo et al. (2015). 

 

6.3.1 Probability Density Function (PDF) Mapping Method 

As noted in 6.1, the changes in extreme rainfall events were analyzed using the PDF 

mapping method in terms of return periods.  The details of the PDF mapping method 

were already summarized in Chapter 2 (Figure 2.5 in 2.3.1.3).  The PDF mapping 

method has basically been used as a bias-correction method of GCM outputs by 

replacing the observed data with the GCM outputs at the corresponding 

non-exceedance probability.  However, this method is applicable to obtain the 

non-exceedance probability of the future scenario that corresponds to a certain 

non-exceedance probability of the current scenario by using the regression equations 

obtained from the probable rainfall.  Then the future return period can be estimated 

using Equation (4.2) based on the obtained non-exceedance probability of the future. 

 

Figure 6.10 shows an example of the PDF mapping method using the regression 

equations of 2-day probable rainfall obtained from both the control and future periods.  

Since this chapter focuses on the extreme values, the horizontal axis is replaced by the 

logarithm of probable rainfall.  Here, the procedures of the PDF mapping method to 

estimate for the future return period are explained as follows using Figure 6.10: 
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① Estimating the probable rainfall that corresponds to a certain non-exceedance 

probability of the current scenario.  In Figure 6.10, for example, the logarithm of 

probable rainfall that corresponds to the non-exceedance probability of 0.80 (i.e., 

the 5.0-year return period) is given. 

② Substituting the logarithm of probable rainfall for x in the regression equation of 

the future probable rainfall. 

③ Calculating the non-exceedance probability of the future.  In Figure 6.10, the 

non-exceedance probability of 0.80 of the current scenario becomes 0.45 (i.e., the 

1.8-year return period) in the future scenario.  That is, the 2-day rainfall event for 

the 5.0-year return period of the current scenario will occur with the 1.8-year 

return period in the future. 

 

 

Figure 6.10 Example of PDF mapping method for 2-day probable rainfall used in this 

chapter 
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6.3.2 Comparison of Rainfall Return Periods  

Figure 6.11 shows the comparisons of rainfall return periods between the current and 

future scenarios.  The future return periods that correspond to the non-exceedance 

probability from 0.01 (i.e., 1.0-year return period) to 0.995 (i.e., 200-year return 

period) of the current scenario are estimated using the PDF mapping method and 

compared in Figure 6.11.  In shorter rainfall durations, such as from 1 to 4 days, the 

future return periods almost reach those plateaus at the 50- or 100-year return period.  

On the other hand, in longer rainfall that lasts for more than 5 days, the future return 

periods still increase when the current return periods get longer.  However, in all cases, 

the results mean that the future return period dramatically decreases, particularly when 

the longer return period is considered.   

 

Table 6.1 shows the future return periods that correspond to the rainfall events for the 

100-year return period of the current scenario.  The 100-year return period is 

commonly used for design flood estimation and river planning in Malaysia.  As 

shown in Table 6.1, the rainfall events for the current 100-year return period occur 

more frequently in the future.  The results are more severe when shorter rainfall 

duration is considered.  Table 6.2 compares the probable rainfall for the 100-year 

return period between the current and future scenarios, and Figure 6.12 shows its 

graphed result.  In shorter rainfall duration, the estimated future probable rainfall is 

comparatively high.  For example, the estimated probable rainfall of 2-day rainfall 

duration is more than twice compared to the current scenario.  Since the future 

scenario was simulated under the RCP8.5 with the highest greenhouse gas emission, 

these results might be the exaggerated cases.  However, the previous research has 

already shown similar results.  Therefore, it will be discussed in 6.5, along with the 

results of peak flows return periods. 
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(a) 1-day rainfall duration               (b) 2-day rainfall duration 

 

(c) 3-day rainfall duration               (d) 4-day rainfall duration 

 

(e) 5-day rainfall duration               (f) 6-day rainfall duration 

 

(g) 7-day rainfall duration               (h) 8-day rainfall duration 

Figure 6.11 Comparisons of rainfall return periods between the current and future 

scenarios in the Johor River Watershed 



216 

 

Table 6.1 Future return periods corresponding to the rainfall events for the 100-year 

return period of the current scenario in the Johor River Watershed 

 

 

Table 6.2 Probable rainfall (mm) for the 100-year return period of each scenario in the 

Johor River Watershed 

 

 

Figure 6.12 Probable rainfall for the 100-year return period of each scenario in the 

Johor River Watershed 

 

Figure 6.13 shows the relationship between rainfall intensity and duration for the 

100-year return period of both the current and future scenarios.  In shorter rainfall 

durations, the average rainfall intensity for one day is high in both scenarios.  

However, in the current scenario, the average rainfall intensity is almost the same at the 

5- to 8-day rainfall durations.  On the other hand, in the future scenario, the average 

rainfall intensity significantly decreases when the rainfall duration gets longer.  In 

Rainfall duration 2-day 3-day 4-day 5-day 6-day 7-day 8-day

Future return period

(years)
2.2 2.7 3.4 5.0 5.4 22.6 36.4

Rainfall duration 2-day 3-day 4-day 5-day 6-day 7-day 8-day

Current scenario 185.0 228.9 265.0 316.5 337.0 417.4 419.1

Future scenario 405.5 419.4 421.9 475.8 497.4 537.2 496.4
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Chapter 4, it was concluded that the average rainfall intensity does not affect the peak 

flow of a flood event.  However, it might change in the future scenario and, thus, 

should be later verified by runoff simulations. 

 

 

Figure 6.13 Intensity-duration curve of rainfall for the 100-year return period of both 

scenarios in the Johor River Watershed 

 

6.4 Future Peak Flow Changes 

Future peak flow changes should be investigated along with the future extreme rainfall 

changes because local planners and administrators want or need to know how climate 

change affects the peak flow of a flood event for river planning and management in the 

future.  In this section, therefore, runoff simulations were carried out to investigate 

the future peak flow changes using a hydrological simulation model.  Then, this 

section proposes a design flood value that considers the future climate change and 

finally contrives effective ways to improve the current design flood estimation so that 

it can take into consideration of the impacts of climate change. 
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6.4.1 Conditions of Runoff Simulation 

Figure 6.14 shows a flow chart of the runoff simulation conducted in this section.  As 

mentioned in 6.1, this research formulated the HSPF model for the Johor River 

Watershed in Chapter 3.  Therefore, this section also used HSPF to simulate peak 

flows by inputting the probable rainfall obtained from both the current and future 

scenarios.  After the runoff simulations, the intensity-duration-frequency (IDF) 

relationships were created according to the simulated peak flows.  Then the changes 

in the return periods of the peak flows were compared between the current and future 

scenarios as well as the extreme rainfall events.  Finally, a design flood value of the 

future was estimated based on the IDF relationships of the simulated peak flows under 

the future scenario. 

 

 

Figure 6.14 Flow chart of the runoff simulation in this chapter 

 

6.4.2 Results of Runoff Simulations  

Runoff simulations were carried out using HSPF.  The probable rainfall that considers 

the durations of 2 to 8 days and return periods of 2.5, 5, 10, 25, 50, 100, and 200 years 
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were obtained for the current and future scenarios by the hydrological frequency 

analysis in the previous section.  This section input the estimated probable rainfall 

into the HSPF model and simulated the peak flows for each combination of rainfall 

duration and return period.   

 

Table 6.3 shows the obtained IDF relationship of the current scenario.  When it is 

compared with Table 4.12 in Chapter 4 that input the probable rainfall estimated from 

the APHRODITE’s rainfall data for 57 years, the results shown in Table 6.3 

underestimate the peak flows, particularly at shorter rainfall durations within longer 

return periods.  These differences are likely to be caused by the difference of the 

sample size. 

 

Table 6.4 shows the obtained IDF relationship of the future scenario.  Overall, the 

results show high peak flows compared to the peak flows of the current scenario.  

Here, it is obvious that the shorter the rainfall duration is, the higher the simulated peak 

flows are.  This result is different from the IDF curve of peak flows obtained in 

Chapter 4.  In Chapter 4, the peak flows of 4-day rainfall duration showed the 

maximum values (Figure 4.15).  The peak flows extracted for the 100-year return 

period are shown in Figure 6.15.  Even in this case, the future scenario shows that the 

highest peak flow at 2-day rainfall duration (i.e., the shortest rainfall duration) and then 

the peak flow decreases when the rainfall duration gets longer.  Further investigations 

are required to clarify the reason behind these outcomes.  However, the results of the 

peak flows of the future scenario have a high correlation (0.97) with the average 

rainfall intensity as shown in Figure 6.16.  Therefore, when the rainfall intensity 

becomes higher, it might affect the peak flow of a flood event, rather than the rainfall 

duration in the Johor River Watershed.  With consideration of the impacts of climate 
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change in the future, if we follow the design flood criterion determined in Chapter 4, 

that is, the peak flow of 5-day rainfall duration with the 100-year return period; a 

design flood value will become 992.1 m
3
/s in the future.  However, the design rainfall 

should be carefully considered because the torrential rain is likely to more frequently 

occur in the future based on the critical rainfall duration analyzed in Chapter 5.  In 

addition, the IDF relationship of peak flows of the future scenario changed, as shown 

in Table 6.4, and compared with Figure 4.15.  Thus, this research will leave this issue 

related to the design rainfall of the future as further research. 

 

Table 6.3 Intensity-duration-frequency (IDF) relationship of peak flows of the current 

scenario in the Johor River Watershed 

 

 

Table 6.4 Intensity-duration-frequency (IDF) relationship of peak flows of the future 

scenario in the Johor River Watershed 

 

 

2.5-year 5-year 10-year 25-year 50-year 100-year 200-year

2 357.0 440.0 482.5 507.6 516.2 521.0 523.4

3 340.7 430.6 488.5 536.3 556.9 569.6 577.2

4 343.8 444.3 517.0 578.9 609.3 629.3 643.7

5 287.2 367.3 443.1 529.6 583.2 627.7 665.2

6 269.7 345.7 402.4 478.7 527.0 567.4 601.4

7 246.5 319.0 398.6 488.3 567.2 650.6 729.8

8 224.5 287.6 342.2 430.4 497.8 555.0 616.7

Rainfall duration

(days)

Return period

unit (m
3
/s)

2.5-year 5-year 10-year 25-year 50-year 100-year 200-year

2 562.9 762.5 953.8 1185.8 1355.5 1530.1 1711.8

3 515.8 708.7 858.2 1023.2 1130.8 1233.6 1341.2

4 511.9 673.8 796.0 925.1 1016.0 1083.0 1154.7

5 413.9 553.8 677.9 817.5 908.4 992.1 1071.0

6 363.7 490.4 606.9 741.7 830.7 915.6 994.5

7 331.2 438.0 537.8 681.9 780.9 881.4 982.5

8 302.0 387.8 478.2 572.9 635.3 688.2 729.3

Rainfall duration

(days)

Return period

unit (m
3
/s)
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Figure 6.15 Peak flows for the 100-year return period of both scenarios in the Johor 

River Watershed 

 

 

Figure 6.16 Correlation between peak flow and rainfall intensity in the Johor River 

Watershed 

 

6.4.3 Comparison of Peak Flow Return Periods 

Figure 6.17 shows comparisons of peak flow return periods between the current and 

future scenarios.  In the peak flows with shorter rainfall duration (e.g., from 2 to 6 

days), the future return periods reach those plateaus around the 50-year return period of 
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the current scenario.  These results mean that, for example, the frequency of the 

current 100- or 200-year flood will significantly increase in the future.  When the 

rainfall duration gets longer (e.g., 7 and 8 days), the future return periods increase 

along with increases in the current return periods.  Table 6.5 shows the future return 

periods that correspond to the 100-year return period floods of the current scenario for 

each rainfall duration.  As the worst case, the current flood event for the 100-year 

return period becomes the event for the 2.8-year return period at the 2-day rainfall 

duration.  Even if longer durations, such as 5 or 6 days, are considered, the future 

return period becomes significantly short.  This means that the 100-year floods at the 

current level would more frequently occur in the future.  The similar situations have 

already been reported by Milly et al. (2002) in Asia.   

 

 

Figure 6.17 Comparison of peak flow return periods between the current and future 

scenarios in the Johor River Watershed 
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Table 6.5 Future return periods corresponding to the 100-year return period floods of 

the current scenario in the Johor River Watershed 

 

 

Here, in order to investigate how the design flood value determined in Chapter 4 

changes in the future, the IDF relationship that was obtained from the hydrological 

frequency analysis and runoff simulations using the APHRODITE’s rainfall data for 57 

years in Chapter 4 are set as a historical scenario to differentiate from the current 

scenario.  Then Figure 6.18 shows the comparison of return peak flows periods 

between the historical and future scenarios.  Table 6.6 shows the future return periods 

of peak flows, which are extracted from Figure 6.18, corresponding to the peak flows 

for the 100-year return period of the historical scenario.  In Chapter 4, the peak flow 

of 5-day rainfall duration of the 100-year return period, that is 851.0 m
3
/s, was 

determined as the design flood value for the current situation.  According to Table 6.6, 

however, the future return period of the designed flood value becomes 18.5 years.  

This means that the design flood, which was determined using the historical rainfall 

data (i.e., 57 years), would become approximately five times more frequent than the 

current situation in the future.  In this case, the design flood value determined in 

Chapter 4 will not work at the end of the 21st century.  Therefore, this research 

proposes the design flood value, 992.1 m
3
/s, if we consider the impacts of climate 

change on the Johor River Watershed. 

 

In contrast, the future design flood value, 992.1 m
3
/s that considers the impacts of 

climate change in the future, corresponds to the 282.8-year return period based on the 

obtained IDF relationship of the historical scenario.  This means that the current 

Rainfall duration 2-day 3-day 4-day 5-day 6-day 7-day 8-day

Future return period

(years)
2.8 3.2 3.9 5.6 5.7 10.5 12.2
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planning scale, that is, the 100-year return period that has been commonly used in 

Malaysia, might have to be changed or extended to a longer return period (e.g., 200- to 

300-year return periods) if planners consider the impacts of the future climate change 

and if they can use only historical rainfall data.  Actually, the 100-year return period 

has recently been extended up to 200 years in some regions of Malaysia for design 

flood estimation (MSMA, 2000).  In the Johor River Watershed, therefore, the same 

thing could be implemented to prevent and/or mitigate the devastating floods caused 

by climate change. 

 

 

Figure 6.18 Comparison of peak flow return periods between the historical and future 

scenarios in the Johor River Watershed 

 

Table 6.6 Future return periods corresponding to the 100-year return period of the 

historical scenario in the Johor River Watershed 

 

Rainfall duration 2-day 3-day 4-day 5-day 6-day 7-day 8-day

Future return period

(years)
5.1 8.8 15.0 18.5 15.7 14.3 20.5
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In summary, there are two ways that can take the impacts of climate change into 

consideration with regard to design flood estimation that aims to prevent more severe 

flood disaster caused by climate change.  One way is to use the AGCM20 (or 

GCM/RCM) outputs for the hydrological frequency analysis and runoff simulation to 

simulate design flood value if planners are able to obtain those outputs.  For planners, 

however, it may be difficult to obtain those types of latest data, such as the AGCM20 

outputs.  In that case, as an alternative approach, it is better to extend the planning 

scale to a longer return period if they are able to obtain only historical rainfall data.  

This research proposes extending the planning scale up to the 200- or 300-year return 

period based on the results obtained in 6.4.3. 

 

6.5 Discussion on Future Extreme Rainfall and Flood Events 

This section discusses the results obtained in this chapter and summarizes the 

challenges for further research.  As mentioned in 6.3.2, the results of the future 

rainfall return periods seemed to be the exaggerated cases.  Perhaps these cases 

resulted from the future scenario that was simulated under the RCP8.5 considering the 

highest greenhouse gas emission.  The results of the future peak flows return periods 

also showed high increases in the frequency of the 100-year floods at the current level.  

However, several previous studies have already shown similar results in some regions 

in Asia as described below.   

 

In terms of the frequency of the extreme rainfall events, Seo et al. (2015) assessed the 

changes in extreme rainfall of 20- and 50-year return periods between the historical 

and future periods in Korea.  They used future rainfall data obtained from 2021 to 

2050 and 2066 to 2095 under the RCP 8.5 scenario.  According to their results, the 

current annual maximum daily rainfall of 20- and 50-year return periods will become 
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5- and 7-year return periods, respectively, by the end of the 21st century.  Seo et al. 

(2015) mentioned that their findings were based on only one GCM and, therefore, 

suggested using an ensemble approach based on multiple GCMs to get more reliable 

results.  However, even if it is based on only one simulation model, this approach is 

important to understand the sensitivity of the target region to climate change.  As far 

as the author has investigated, although Southeast Asia is known as one of the areas 

most vulnerable to climate change, there have not yet been the studies that applied this 

approach to the rainfall data in these regions.  Since the Johor River Watershed is one 

of the areas that are the most sensitive and vulnerable to floods in Malaysia, the 

application of this approach is beneficial to the subsequent research.  Therefore, as a 

pilot study, this chapter applied the same approach, which compares the return periods 

between the current and future periods, to the rainfall data of the Johor River 

Watershed.  Our results showed more severe cases (Figure 6.11 and Table 6.1).  The 

rainfall events for the 100-year return period of the current scenario will more 

frequently occur, such as from the 2.2- to 36.4-year return period, depending on the 

target rainfall duration, in the future scenario.  However, since the Johor River 

Watershed is located in the monsoon climatic region near the equator, the results could 

be regarded as the conceivable situations in the future. 

 

In terms of the frequency of extreme flood events, according to Milly et al. (2005), the 

global frequency of devastating floods substantially increased during the twentieth 

century and the statistically positive trends in the risk of great floods will continue 

toward the future based on the GCM simulations.  Milly et al. (2002) focused on the 

extreme events and analyzed the 100-year floods in 29 basins in the world.  Their 

analyses revealed that decreases in return period of floods from 100 years to shorter 

than 12.5 years in half of the basins.  As the severe cases, the 100-year floods of some 
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basins located in Asia showed return periods of 2 to 5 years in the future.  According 

to an ensemble projection conducted by Hirabayashi et al. (2013), large increases in 

flood frequency were confirmed in Southeast Asia under the RCP8.5 scenario.  The 

return periods of the annual maximum daily river discharge that corresponds to the 

flood event for the 100-year return period were compared between the current 

(1971-2000) and future (2071-2100) periods in their analyses.  Their results showed 

that the frequency of the 100-year flood of the current level increases (i.e., the return 

period decreases) in Southeast Asia in the future period.  For example, as the worst 

case in the Mekong River, the flood event of the 100-year return period of the current 

period would occur with a return period that is shorter than 10 years in the future 

period (see Figure 2, Hirabayashi et al., 2013).  Therefore, the results of the changes 

of peak flows in this chapter shown in Figure 6.17 and Table 6.5 could also be 

regarded as the conceivable situations, as well as the changes of extreme rainfall events 

in the future, since the location of the Johor River Watershed is under the monsoon 

climate. 

 

However, some challenges still remain in this research.  For example, because the 

current scenario underestimates peak flows, as shown in Table 6.3, the peak flows of 

the future scenario might be underestimated as well.  In that case, the design flood 

value that considers the future climate change proposed in this chapter would become 

higher than 992.1 m
3
/s.  In order to deal with this problem, the sample size should be 

larger than 25 years because the design flood value is determined by the flood event of 

the 100-year return period.  In addition, this research simulated peak flows by 

inputting the outputs obtained from only one global circulation model, AGCM20, 

under only one RCP scenario, RCP8.5.  For obtaining more accurate and reliable 

results, rigorous analyses, such as ensemble projections using multimodel and/or 



228 

 

single-model ensembles, should be performed with various scenarios and conditions.   

 

6.6 Summary 

In this chapter, the Cumulative Distribution Function (CDF) mapping method was used 

to directly correct the biases of the probable rainfall estimated from the AGCM20 

outputs and to consider diverse rainfall durations.  Then, the probable rainfall with 

diverse durations was estimated by the GP distribution, and runoff simulations were 

carried out to simulate peak flows after the bias correction.   

 

The future return periods that correspond to the rainfall and flood events for the 

100-year return period of the current scenario were investigated using the PDF 

mapping method to check the frequency of the events in the future.  It was revealed 

that the both rainfall and flood events will more frequently occur in the future, 

particularly when the shorter rainfall duration is considered.  With consideration of 

the design flood criteria determined in Chapter 4 (i.e., peak flow of the 5-day rainfall 

duration with the 100-year return period), a design flood value will become 992.1 m
3
/s 

in the future, although 851.0 m
3
/s was determined as the design flood value based on 

the historical data.  In addition, the return period of 851.0 m
3
/s will become 18.5 

years in the future.  This means that the design flood determined in Chapter 4 would 

become a more frequent flood event in the future.   

 

On the other hand, the return period of 992.1 m
3
/s corresponds to the 282.8-year return 

period based on the IDF relationship of the historical scenario.  This means that the 

current planning scale, which is the 100-year return period that has been commonly 

used in Malaysia, might not be enough to prevent and/or mitigate the damage of 

devastating flood caused by climate change. 
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Based on the results obtained in this chapter, this research proposes two ways to 

consider the impacts of climate change in design flood estimation and prevent more 

severe flood disasters caused by climate change.  One way is to use the AGCM20 (or 

GCM/RCM) outputs for the hydrological frequency analysis and runoff simulation to 

simulate the design flood value of the future if planners can obtain those data.  The 

other way is to extend the current planning scale to a longer return period (e.g., 300 

years) if planners are only able to obtain historical rainfall data. 
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CHAPTER 7 

 

FEASIBLE FLOOD MANAGEMENT 

 

Malaysia is one of the most sensitive and vulnerable areas to climate change in 

Southeast Asia.  The Johor River Watershed has historically suffered from severely 

damaging floods common to monsoon climates, and the damage is likely to become 

more serious because of climate change, as determined by the analysis presented in 

Chapter 6.  In this chapter, therefore, feasible flood management is investigated based 

on a comprehensive consideration of field surveys and a literature review.  The main 

objectives of this chapter are (1) to review general flood management strategies and 

current management systems, (2) to reveal underlying situations and issues related to 

flood management in Malaysia, and (3) to propose feasible flood management in the 

Johor River Watershed based on the concept of Integrated Watershed Management 

(IWM). 

 

7.1 General Flood Management Strategies 

Figure 7.1 shows the general flood management strategies.  There are four primary 

types of strategies: outflow control, flood protection, inland water management, and 

damage reduction.  Outflow control plays a role in a water source control, such as 

conservation of natural forests and construction of rainwater storage as well as 

infiltration facilities, particularly in the upper stream of a watershed, to retain water 

and control its outflow.  Flood protection includes countermeasures aimed at 

preventing and/or mitigating river overflow.  There are two types of flood protection 

methods: river improvement and flood control.  River improvement, which includes 

embankment, dredging, and drainage canal construction, is the most basic method.  
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Flood control, such as building dam, retention pond, and detention pond alongside a 

river, also effectively controls river flow rate and reduces peak flow.  Such flood 

protection methods are collectively known as structural measures.  Inland water 

management, however, seeks to prevent and mitigate the inundation of urban areas.  

Building or improving drainage canals and sewage systems are crucial parts of inland 

water management.  Damage reduction refers to preventive measures.  Preventive 

measures can be used to refer to a number of methods, such as regulating land use, 

constructing a waterproof building, improving a flood warning system, etc.  These 

flood management strategies are usually planned to prevent and/or mitigate the damage 

of flooding.  In fact, a comprehensive consideration of actual conditions in the target 

watershed should be followed by practical applications of certain strategies.  

Therefore, in the following sections, real conditions and underlying issues in the Johor 

River Watershed are investigated, and feasible flood management strategies are 

proposed based on the findings of field surveys in addition to an extensive literature 

review. 

 

 

Figure 7.1 General flood management strategies 
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7.2 Water Resources Management in Malaysia   

Recently, research and activities related to IWM, which includes flood management, 

have been conducted in various watersheds in Malaysia.  These management systems 

and strategies are wide-ranging and depend on regional administrative policies.  

Political realities, such as subdivided regional management systems, may hinder 

efficient watershed management (Madsen, 2002; Kawata, 2015; Osada, 2015).  In this 

section, the current water-related administrative systems and underlying issues in water 

resource management of Malaysia are summarized.   

 

7.2.1 Water-related Administrative System 

Figure 7.2 shows the administrative systems involved in the management of water 

resources in Malaysia.  Nationally speaking, there are four essential and constitutional 

ministries: Ministry of Natural Resources and Environment, Ministry of Agriculture, 

Ministry of Energy, Water and Communication; and Ministry of Housing and Local 

Government (Osada, 2015).  Each ministry consists of its own departments that 

manage water resources for each relevant field.   

 

Within Ministry of Natural Resources and Environment, five departments are involved 

in water resource management.  Department of Irrigation and Drainage (DID) 

oversees river management, which includes flood control, urban drainage system, and 

water resources (hydrological) assessment.  In addition, most river improvement 

plans (e.g., riverbank or dam construction, sediment management, dredging, and solid 

waste management in a river) and hydrological monitoring systems (e.g., river 

monitoring and flood warning systems) are managed by DID.  For its part, 

Department of Environment (DOE) is responsible for water quality management, 

which includes water quality monitoring and water pollution control.  DOE also 
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monitors wastewater from sewage treatment plants and factories in accordance with 

the guidelines established by the Environmental Quality Act.  Department of Minerals 

and Geology manages the groundwater, and Department of Forestry is in charge of 

water bodies in the forest.  In addition, National Hydraulic Research Institute of 

Malaysia comprehensively investigates the conditions of water resources and provides 

information to these departments in an effort to promote their respective water 

resources management.  Other ministries, such as Ministry of Agriculture, Ministry of 

Energy, Water and Communication, and Ministry of Housing and Local Government, 

also have their own divisions that develop and manage water resources within their 

jurisdiction.   

 

 

Figure 7.2 Water-related administrative systems in Malaysia (Water Environment 

Partnership in Asia, 2004; Osada, 2015)  
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7.2.2 Main Issues and Challenges for Water Sector 

There are 13 states in Malaysia.  In addition to the aforementioned ministries and 

departments (7.2.1), each state has its own water resources management department.  

These fragmented and piecemeal systems for water management each operate 

unilaterally; that is, there is no single authority that coordinates the actions of 

individual ministries and/or departments.  As of now, it is difficult to precisely 

determine, let alone integrate, the water management strategies conducted in each state 

because of the myriad independent administrative systems.  Therefore, these 

administrative systems must be integrated to effectively enact IWM.  Relevant details 

are briefly discussed in this subsection. 

 

According to Mei et al. (2015 and 2016a), water-related issues in Malaysia are 

federal-state-local issues.  Decisions regarding river and water resources management 

are made unilaterally by each state, without considering Malaysian interests as a 

country.  Some Malaysian watersheds lie between two or more states, and this 

complicates the decision-making process and further reduces transparency.  Water 

diplomacy garners more attention when engaging with IWM methods (Chan, et al., 

2002; Grigg, 2008; Cohen and Davidson, 2011; Hefny, 2011; Susskind and Islam, 

2012; Islam and Repella, 2015; Mei et al., 2016b), and the current political 

administration in Malaysia requires this approach.  Due to the lack of stakeholder 

engagement, private sector support, and government funds, there is no clear path to 

establishing cooperation to achieve appropriate and efficient watershed management.  

The Malaysian Water Partnership (2001) summarized the main issues and challenges 

of the water sector in Malaysia as follows: institutional and legal issues, increased 

competition for water, increased flooding problems, environmental degradation, low 

efficiency of water use, and increased human expectations, among others.  To this list, 
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it is important to add sustainable development, proper water allocation, effective flood 

mitigation, better quality of life, etc.   

 

In terms of the institutional and legal issues, the scattered administrative systems 

essentially erect barriers to the implementation of IWM strategies.  No agency is 

entrusted with the overall responsibility of holistic planning and management of water 

in Malaysia.  In addition, although there are many sector-based water laws, in both 

the federal and state levels, the country has no comprehensive set of water-related laws.  

Water-related laws differ from state to state, a situation that triggers more conflicts.  

These conflicts in water resource management have traditionally been resolved through 

interagency coordination and consultation.  Even though a council (i.e., National 

Water Resources Council) has been set up to pursue more effective water management 

in the federal level, there are still several outdated and redundant water-related 

government agencies and sector-based water laws.  This is the pressing issue that 

requires immediate attention insofar as it prevents effective watershed management. 

 

Another urgent issue is population growth, which raises water demand, particularly in 

urban areas due to urbanization, urban sprawl (Majid and Yahya, 2010 and 2011), and 

rural-to-urban migration.  In light of the exponential population growth in urban areas, 

the governmental infrastructure has reached a limit as pertains to its capacity to meet 

the needs of its population.  At the same time, increased water demand and limited 

water supply have prompted various conflicts related to water use, and continued 

economic growth exacerbates such conflicts.  Therefore, more water storage facilities 

including ponds and dams must be built to provide stable water supply.  However, 

underlying issues mean this construction is costly in financial and environmental terms.  

According to Abdullah and Mohamed (1998), there are 47 single-purpose dams and 16 
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multipurpose dams (Table 7.1) with a total storage capacity of 25 billion m
3
 in the year 

of 1998.  By this year, water resource development had already reached its practical 

limit in some regions because of high demand.  This situation has led to interbasin 

and interstate transfer schemes for surface water.  For example, the Pahang-Selangor 

raw water transfer project, a large gravity-driven raw water transfer tunnel built under 

supervision of Malaysian Ministry of Energy, Green Technology and Water, has been 

recognized as a high-profile example of such projects in Malaysia (Kondo, 2016; 

Water-technology.net, 2016).  This project illustrates the importance of water 

diplomacy, which requires cooperation among several states to deal with water 

conflicts.   

 

Table 7.1 The number of dams and their purposes as of the year 1998 

 

 

As previously discussed in this dissertation, flooding is a serious problem in some parts 

of Malaysia, including the Johor River Watershed.  In addition to natural phenomena, 

such as heavy and torrential rains, uncontrolled development (e.g., sand mining) along 

river corridors increases the severity of floods and the rate of sedimentation in rivers.  

Such development activities affect the drainage capacity and lead more frequent floods.  

Flash floods caused by increases in impervious areas also frequently affect urban areas.  

Therefore, reasonable flood management systems and rational design flood criteria are 

Single-purpose dam 47

Water supply 34

Hydropower 7

Irrigation 3

Silt retention 3

Multipurpose dam 16

Water supply + Irrigation 6

Water supply + Flood mitigation 5

Water supply + Irrigation + Flood mitigation 2

Hydropower + Flood mitigation 2

Hydropower + Water supply 1
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required to address flood disasters.  The author hopes this research serves as a 

pioneering work in the field.  The implementation of certain flood management 

practices must be considered as a next step.  In addition to the construction of dams 

and reservoirs and the improvement of river systems, the Malaysian government is 

promoting other measures to increase infiltration and store excess water in retention 

(wet) and/or detention (dry) ponds.  Moreover, there is low irrigation efficiency, 

ranging from 40 to 50%, due to the fact that most of the irrigation systems are open 

systems designed to take advantage of flooding.  Therefore, the government also 

encourages the efficient use of the irrigation systems. 

 

Many issues and challenges still face the water sector in Malaysia.  These issues and 

challenges require immediate attention if effective IWM is to be achieved.  The next 

section discusses feasible flood mitigation and prevention measures in the Johor River 

Watershed. 

 

7.3 Flood Management in Palm Oil Plantation  

Farmlands destined for palm oil and rubber plantations occupy 60-70% of the area of 

the Johor River Watershed.  As noted in Chapter 2, although these plantations play a 

crucial role for industries in the state of Johor and the country itself, they negatively 

affect watershed hydrology, with decreased surface runoff time that may trigger severe 

floods downstream, which is where the cities are located (Yusop et al., 2007; Adnan 

and Atkinson, 2011).  These unfavorable situations are caused by the construction of 

plantations, for these processes entail soil compression by trucks and tractors.  

However, the economic opportunity presented by palm oil plantations cannot be 

ignored.  Therefore, it is obvious that these complex situations, of palm oil plantations, 

require an IWM approach in the Johor River Watershed and Malaysia.  To this end, 
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this section clarifies the current situation and underlying issues specifically related to 

the drainage and management systems on palm oil plantations based on field surveys 

and a literature review.  As a result, a feasible flood management proposal is 

presented for palm oil plantations within the context of IWM. 

 

7.3.1 Current Situation of Palm Oil Plantation in Malaysia 

In this subsection, the current situation and basic information of palm oil plantations 

are summarized to understand the importance of these plantations for the industrial 

sector in Malaysia.   

 

7.3.1.1 Current Situation of Palm Oil Plantation 

Recently, industrialization has enhanced the economic growth in Malaysia.  Palm oil 

plantations have been a primary industry since the colonial era, and this industry 

continues to increase today.  Figure 7.3 shows the area of palm oil plantations in 

Malaysia, and it is apparent that this area increases every year (Palm Oil Development 

and Performance, 2010).  In addition, Figure 7.4 shows palm oil production and 

export.  As of 2016, Malaysia is the second largest producer and exporter of palm oil 

in the world, behind only Indonesia (USDA, 2016). 

 

Figure 7.3 Area of palm oil plantations in Malaysia (Palm Oil Development and 

Performance, 2010)  
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Figure 7.4 Production and export of palm oil as of 2016 (USDA, 2016) 

 

7.3.1.2 General Processes of Palm Oil Plantation 

In general, these plantations focus on three cultivation stages: nursery, immature, and 

mature.  Cultivation practices and places differ depending on the stage of the tree’s 

development.  The processes of each stage are summarized below. 

 

a. Nursery (International Plant Nutrition Institute and PT Agrisoft Systems Indonesia, 

1999) 

The nursery stage is the first stage in the production of seedlings that are sent to palm 

oil plantations.  Palm oil trees at the nursery are cultivated using polybags.  Only at 

this stage must palm oil trees be watered and fertilized.  From this stage, it takes two 

or three years to reach mature, the last stage, a process described in this subsection. 

 

b. Immature (International Plant Nutrition Institute and PT Agrisoft Systems Indonesia, 

1999) 

The immature stage is the second part of cultivation, covering one- to two-year-old 

trees.  This is essentially a two-step stage: planting and maintenance. 
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ⅰ. Planting 

At the planting step, the land is cleared and roads and drains are constructed to 

transport seeds and prevent root rot, respectively.  Figure 7.5 shows the roads and 

drains on a palm oil plantation (International Plant Nutrition Institute and PT Agrisoft 

Systems Indonesia, 1999).  After roads are built, drains are constructed in an 

interconnecting series.  There are two types of roads: Harvest (H) and Main (M) roads.  

The seeds produced by palm oil trees are harvested along the H road, collected along 

the M road, and transported to the palm oil mill.  As for drains, there are three types: 

field, collection, and main drains.  Drain type is determined by size, capacity, and 

location.  All drains are designed to reduce water retention time on palm oil 

plantations.  Field and collection drains connect to the main drain, which eventually 

connects to a neighboring river. 

 

  

Figure 7.5 Roads and drains on a palm oil plantation 

 

ⅱ. Maintenance 

Maintenance follows the planting step.  Maintenance operations, such as weeding and 

fertilizer application, are implemented during this step.   
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c. Mature (International Plant Nutrition Institute and PT Agrisoft Systems Indonesia, 

1999) 

The mature stage covers palm oil trees that are three years old and older.  On existing 

palm oil plantations, palm oil trees at the mature stage are the most prevalent.  The 

palm oil trees continue fruiting for approximately 25 years.  After that, the trees are 

cut, burned, and fertilized.  Then, new palm oil trees are prepared, and the palm oil 

plantation reverts to the nursery stage. 

 

7.3.2 Issues in Palm Oil Plantation  

The underlying issues related to the management of palm oil plantations were revealed 

by field surveys, interviews with local residents and researchers, and a literature review.  

Two sets of field surveys and interviews were conducted, the first in the region near 

Routes 91 and 93 in the Johor River Watershed in December 2012 [Figure 7.6 (a)] and 

the second in the town of Tanjung Karang in the Selangor River Watershed in August 

2016 [Figure 7.6 (b)].  This subsection presents a summary of the findings. 

 

 

(a) Near Routes 91 and 93                (b) Tanjung Karang  

Figure 7.6 Field survey areas: (a) Johor River Watershed and (b) Selangor River 

Watershed in Malaysia 
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7.3.2.1 Palm Oil Production and Environmental Problems  

Palm oil is primarily used in snack foods and cosmetics.  Palm oil trees usually grow 

in areas that were once peatlands or wet areas where dead organic material is plentiful.  

In these days, peatlands are dried for agricultural purposes as quickly as possible, 

which entails illegally draining and burning the land.  Recently, air pollution (i.e., 

haze) has become a serious problem in Malaysia.  These pollutants form the haze as a 

result of increased levels of carbon dioxide emission.  This haze spreads and causes 

hazy weather both in Malaysia and in neighboring countries.   

 

Extensive swathes of natural forest and tropical rainforest have been lost to logging for 

the construction of palm oil plantations.  Furthermore, watershed hydrology has 

changed because of the conversion from forest to palm oil plantation (Yusop et al., 

2007; Kawata et al., 2013).  In addition, the wastewater discharged from palm oil 

plantations into rivers degrades water quality, which is another serious problem 

stemming from palm oil plantations.  Yet, the palm oil industry plays a crucial role in 

Malaysia’s economic growth and attracts more attention given as a bioenergy.  

Therefore, the expansion of palm oil plantations will inevitably continue in the future, 

making the management of these plantations one of the important challenges to 

achieving effective IWM in the Johor River Watershed and all of Malaysia. 

  

7.3.2.2 Awareness and Perception of Owners 

Palm oil plantations are either privately owned or company owned.  There are 

significant differences in the management strategies employed by these two types of 

owners, and future flood management of palm oil plantations requires researchers to 

understand in depth the radically divergent levels of awareness and perceptions of each 

set of owners. 
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Basic management systems are almost the same on all Malaysian palm oil plantations 

(7.3.1.2).  The DID manages water use on palm oil plantations as well as the water for 

irrigating nearby paddy fields.  However, the owners decide to what extent they will 

comply with basic management guidelines.  Base on the interviews, although the 

owners of company-owned palm oil plantations carefully adhere to basic management 

systems, the owners of privately-owned palm oil plantations do not necessarily act in 

accordance with the basic management systems.   

 

In Malaysia, the government has established land categories to determine the type of 

activities that can be carried out on said land, including residential, agricultural, 

industrial, commercial, or other purposes (Invest Malaysia Property & Real Estate 

Investment, 2012).  When people or companies want to buy land, they must ensure 

the land’s category.  In this case, palm oil plantations and paddy fields are categorized 

as agricultural land.  Anyone can start a palm oil plantation when the possession of 

land is categorized as agricultural.  For the most part, mature palm oil trees do not 

require management, and they continue fruiting even if unattended.  In addition, trees 

keep their function (i.e., continuous fruiting) for approximately 25 years without being 

watered.  Thus, the palm oil trees are easy to maintain and offer significant income 

opportunities, which explain the high number of privately-owned palm oil plantations 

in Malaysia.  People who privately own palm oil plantations usually do not carry out 

any maintenance.  Figure 7.7 shows (a) privately-owned and (b) company-owned 

palm oil plantations in a town of Tanjung Karang in the Selangor River Watershed.  

Differences in maintenance conditions between these two types of palm oil plantations 

are on full display in Figure 7.7.  The ground of company-owned palm oil plantation 

is kept clean, whereas the ground of privately-owned palm oil plantations is left as is. 
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(a) Privately owned                    (b) Company owned 

Figure 7.7 Palm oil plantations in a town of Tanjung Karang, Malaysia 

 

Company-owned palm oil plantations account for a much greater share of land than 

privately-owned ones.  Companies basically hire many workers to efficiently 

maintain and systematically manage the land.  As shown in Figure 7.7 (b), companies 

have workers remove fallen leaves from the ground, weed the area, and then fertilize 

the land using chemical or organic fertilizers to accelerate tree growth/fruit production.  

Over the past few decades, company-owned palm oil plantations have used chemical 

fertilizers, which have degraded the water quality of rivers, particularly when heavy 

rain and subsequent surface runoff occur (Osada, 2015).  Accordingly, some 

companies have recently shifted to use organic fertilizers (Ismail et al., 2010; Kawata, 

2015).  However, problems still remain and must be dealt with now. 

 

7.3.2.3 Flooding 

On palm oil plantations, the only water source is rainwater, i.e., there is no artificial 

water supply system.  The fallen leaves are left because they play an important role in 

maintaining soil moisture on privately-owned palm oil plantations.  Palm oil trees 

grow sufficiently with no more than soil moisture.  In fact, if palm oil trees are 

overwatered, the fruits produced are of a lower quality, and may even be rotten.  This 
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means that flooding is far from desirable, particularly for private owners, because 

flooding brings too much water, and surface runoff washes the fallen leaves away.  

Moreover, floods carry soil away and cause sedimentation in rivers and clogging in 

drainage canals. 

 

During the December 2012 field survey in the Johor River Watershed, flooding was 

observed on a privately-owned palm oil plantation (Figure 7.8).  Given that December 

is in the Northeast (NE) monsoon season, rainy days had continued during the period 

of the field survey.  Such weather situations can easily trigger flooding, and 

privately-owned palm oil plantations are particularly vulnerable to flooding because 

they are not maintained and because floods clog drainage canals.  As observed during 

the field survey, drain capacity is often inadequate to handle rainfall in the rainy season.  

Therefore, drainage systems and their maintenance should be addressed immediately 

on palm oil plantations. 

 

  

Figure 7.8 Flooding on a palm oil plantation in the Johor River Watershed, Malaysia 

 

7.3.2.4 Drainage System 

Both privately- and company-owned palm oil plantations usually have small drains 

(i.e., field and collection drains) between trees; these small drains connect to the main 
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drain.  The main drain, in turn, connects to an artificial drain or river.  The water in 

artificial drains eventually flows to the neighboring body of water, whether river or 

sea. 

 

Rules for drain construction have already been discussed in 7.3.1.2.  To recap, on 

company-owned palm oil plantations, drains are usually constructed in accordance 

with established rules and are maintained by workers to effectively discharge stagnant 

water.  In the case of privately-owned palm oil plantations, artificial drains connect to 

the neighboring river as shown in Figure 7.9.  However, these drains were designed 

based on locals’ experiences and do not follow systematic design.  Additionally, these 

drains are not properly managed (Figure 7.10) and thus overflowing often occurs due 

to clogging caused by the accumulated garbage, sediment, and weeds, etc., all of which 

reduce drainage capacity. 

 

  

Figure 7.9 Drains on a privately-owned palm oil plantation in Malaysia 
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(a)Nursery              (b) Immature              (c) Mature 

Figure 7.10 Unmanaged drains on a privately-owned palm oil plantation in Malaysia 

 

7.3.2.5 Co-existence as Harmonization with Paddy Fields 

In a town of Tanjung Karang, there is an excellent example of a palm oil plantation 

with an adjacent paddy field; this ensures that water is balanced by a give-and-take 

relationship.  Most drains in the paddy field also connect to the same main drains of 

the palm oil plantation.  Figure 7.11 shows a paddy field located next to a palm oil 

plantation in Tanjung Karang.  The DID controls the water for both using water gates 

[Figure 7.12 (a)] that are adjusted depending on paddy field’s water level, thereby 

ensuring the water level of the paddy field is constant. 

 

As mentioned above, excessive water supply is detrimental to palm oil plantations 

because mature trees do not need to be watered.  Paddy fields, on the other hand, 

absolutely require water.  Thus, connecting a palm oil plantation and a paddy field 

with a drainage canal means that almost all irrigation systems can take advantage of 

flooding.  In fact, local people in Tanjung Karang told us that they have never 

experienced flooding on their palm oil plantations.  Thus, the co-existence of palm oil 
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plantations and paddy fields proves advantageous. 

 

In general, as shown in Figure 7.12 (b), paddy field drains are highly managed and 

maintained compared to those of palm oil plantations.  This gap in drain maintenance 

clearly indicates the need to control the amount of water/water level in paddy fields, in 

contrast to the relative unimportance of water management on palm oil plantations.  

In the dry season, paddy fields must have water levels managed.  Therefore, water 

gates dam up in paddy fields when the dry season results in limited rainfall.  

Occasionally, this limits the downstream flow of the connected river as shown in 

Figure 7.13 (a).   

 

During the field survey conducted in the Selangor River Watershed in August in 2016, 

rainless days had continued a long time on account of the El Niño phenomenon, which 

led to observed limited flow downstream of the paddy field.  In addition, just beyond 

the paddy field, there was a significant amount of garbage at the mouth of the drain as 

shown in Figure 7.13 (b).  Trash backs up and often clogs the water gate, in turn, 

hindering effective water management in the paddy field as well as the palm oil 

plantation.  Given that co-existence of palm oil plantations with the paddy fields 

produces a harmonic effect in terms of managing flood water in both fields during 

periods of heavy rain, resolving these issues would be substantially beneficial to 

owners.   

 

Although significant detail has been confirmed for the aforementioned watershed, the 

situation in the Johor River Watershed remains to be thoroughly confirmed.  

Therefore, a further field survey is required to investigate the co-existence of palm oil 

plantations and other land uses, e.g., paddy fields. 
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Figure 7.11 Paddy field near a palm oil plantation in Tanjung Karang, Malaysia 

 

  

(a) Water gate                           (b) Drain 

Figure 7.12 Watergate and drain in a paddy field in Tanjung Karang, Malaysia 

 

  

(a) Lack of downstream flow             (b) Garbage in the drain 

Figure 7.13 Observed issues related to a paddy field in the field survey in Malaysia 
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7.3.2.6 Retention and Detention Ponds 

Retention (wet) and/or detention (dry) ponds are known as multifunctional basins that 

temporarily store water during heavy rains and mitigate flooding in addition to 

recreational and aesthetical uses (Loc, 2013).  If a palm oil plantation includes 

retention and/or detention ponds, flooding may be prevented or mitigated; these 

plantations are especially benefitted by excessive water storage during periods of 

heavy rain.  During the field survey of the Johor River Watershed in December 2012, 

rainfall events lasted several days because December is firmly part of the NE monsoon 

season; to wit, flooding was observed as shown in Figure 7.8.  Consequently, it was 

difficult to continue the field survey of palm oil plantations in the Johor River 

Watershed.  However, the field survey left no doubt that there were no effective or 

satisfactory retention and/or detention ponds or drainage capacity in the study area. 

 

In contrast, during the field survey in Tanjung Karang in March 2016, three retention 

ponds were confirmed.  Based on interviews with locals, the three retention ponds 

shown in Figure 7.14 were identified as “commercial use,” that is, for fishing.  They 

are not considered retention ponds for water storage and are not maintained.  One of 

the three retention ponds is artificial and used by DID to check the neighboring drains’ 

water quality.  However, the pond is not controlled for water storage, and local people 

can use it for fishing even though it is monitored by the local governmental institute.  

The other two (natural) retention ponds are not managed, either.  However, they are 

directly linked to palm oil plantations. 

 

Even though local people in Tanjung Karang have not yet experienced flooding, that 

does not mean they are immune from flooding in the future caused with the changing 

climate.  In order to mitigate and prevent the damage from flooding on palm oil 
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plantations, retention ponds should be used and maintained.  Such ponds have been 

used commercially and individually until now, which inspires the hope that more 

ponds to avoid flooding will be constructed in bare lands that are generally neglected 

by locals. 

 

 

Figure 7.14 Retention ponds on a palm oil plantation in Tanjung Karang in Malaysia 

 

7.3.3 Feasible Flood Management on Palm Oil Plantation 

Certain flooding countermeasures have not yet been implemented, as determined by 

findings of the field surveys, even though the palm oil plantation in the Johor River 

Watershed has been flooded almost every year.  Additionally, management approach 

and owners’ awareness and perception are totally different between privately- and 

company-owned palm oil plantations.  In particular, privately-owned palm oil 

plantations significantly affect the environment because owners usually leave the area 

unattended (i.e., not maintained).  In Tanjung Karang, on the other hand, there have 

been almost no problems regarding flooding until recently, as some existing drains 
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have sufficient capacity and the co-existence of plantations with paddy fields manages 

flood water during heavy rains.  However, based on the investigations in the previous 

chapters, the increased frequency of rainfall and flood events is expected because of 

future climate change.  Thus, the capacity of the existing drains is unlikely to be able 

to handle the extreme events predicted.  Certain flood management strategies, 

therefore, must be implemented for both existing and potential palm oil plantations 

with proper understanding and participation of local people.  According to Dumanski 

and Peiretti (2013), when planning land management, a variety of factors must be 

taken into account simultaneously, including how to maintain and enhance production 

(productivity), reduce production risk (stability), enhance soil capacity (resilience), 

protect natural resources/prevent degradation of soil and water quality (protection), 

ensure economic viability (viability), and garner social acceptance (acceptability).  

Using these criteria in conjunction with findings from field surveys and a literature 

review, several feasible flood management strategies are suggested below. 

 

7.3.3.1 Effective Use of Retention and Detention Ponds 

Retention and detention ponds are general and conventional methods for managing 

flood water.  These ponds collect flood water and slowly release it at a controlled rate.  

Hence, they also prevent flooding in downstream areas.  The main difference between 

retention and detention ponds is that the former is wet, i.e., permanently has water, and 

the latter is dry, i.e., occasionally wet.  The ponds themselves are effective and 

important for storing and attenuating surface runoff (Sustainable Stormwater 

Management, 2009).  Therefore, the effective use of existing retention ponds, e.g., the 

ponds currently used for only fishing in Tanjung Karang, will play a crucial role in 

preventing and mitigating flooding on palm oil plantations.  The roles of the retention 

and detention ponds are summarized below. 



253 

 

a. Retention (wet) pond 

Retention ponds are multifunctional basins that function as an important supply source 

for irrigation water, a retarding basin for locals, and a temporary water storage basin 

during a flood (Loc, 2013).  In particular, retention ponds play an important role in 

cutting peak flow and delaying surface runoff time.  Furthermore, these ponds can 

provide water quality benefits by reducing sediments and sediment-attached pollutants.  

Retention ponds are an online storage facility that permanently retains water, keeping 

the water out of the groundwater table.  They have an orifice at a higher point so that 

it retains a permanent pool of water (Sustainable Stormwater Management, 2009).   

 

b. Detention (dry) pond  

Detention ponds are also multifunctional basins; their primary function is as a 

temporary water storage basin during flooding.  However, it is an offline form of 

storage that only detains water during heavy rainfall; detention ponds drain all water 

after the end of a rainfall event.  Its orifice is located at the bottom of the basin such 

that all the water eventually drains out, which means it remains dry between rainy 

events (Sustainable Stormwater Management, 2009).  Hence, it is called a dry basin.  

Given that it is dry between rainy events, land use control brings additional benefits.  

For example, detention ponds designed for flood control may also serve as sports 

facilities for the community (Tucci, 2001).  For instance, Parkinson and Mark (2005) 

designed a detention pond as a soccer field in Brazil.  Thus, detention ponds can not 

only help flood control but also offer recreational value. 

 

c. Maintenance of ponds 

Although retention and detention ponds have various functions, maintenance is one of 

the most important elements to ensure their utility.  A retention pond’s orifice is 
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sometimes clogged by pollutants and garbage.  Similarly, a detention pond’s orifice is 

often clogged by pollutants and garbage due to the orifice’s location (bottom of the 

pond).  Therefore, maintenance activities, including erosion repair, sediment removal, 

and vegetation management are necessary for proper functioning.  This requires the 

understanding and participation of locals. 

 

7.3.3.2 Improvement of Drainage System 

In 7.3.1.2, the three types of drains (field, collection, and main) on palm oil plantations 

and concomitant construction rules were discussed.  It is worth reiterating that all 

drains are designed to reduce water retention time on palm oil plantations.   

 

Although the drains on company-owned palm oil plantations are well maintained to 

effectively discharge water, those on privately-owned palm oil plantations usually are 

not.  In addition, company-owned palm oil plantations basically follow basic 

management criteria.  However, privately-owned palm oil plantations sometimes do 

not follow them.  Even though artificial drains connect to a nearby river on 

privately-owned palm oil plantations, these drains are designed based on locals’ 

experiences and planners.  Thus, flooding often occurs because of clogging caused by 

accumulated garbage, sediment, weeds, etc.; in other words, a lack of maintenance.  

This leads to inadequate drainage capacity in the rainy season.  For that reason, 

privately-owned palm oil plantations are vulnerable to flooding, which highlights the 

importance of drainage systems and their maintenance. 

 

In light of the aforementioned situations, maintenance of the drains on privately-owned 

palm oil plantations must be addressed to prevent and mitigate flooding.  In this case, 

owners’ awareness is highly relevant.  When locals construct their own palm oil 
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plantations, they should not only actively account for their experiences but also follow 

certain guidelines or criteria.  The wisdom, knowledge, perception, and experiences 

of locals should primarily be respected as “bits of wisdom” for future generations, 

incorporated into practical management, and integrated in line with IWM.  However, 

the technical guidelines or criteria will also be effective when it comes to preventing 

flooding on palm oil plantations.  In cases of privately- and company-owned palm oil 

plantations, drain capacity is inadequate to handle the rainfall events of the rainy 

season.  As a result, flooding, as seen in Figure 7.8, frequently occurs on palm oil 

plantations.  In addition, in view of the impacts of climate change on the frequency 

and intensity of flooding, current construction rules and guidelines for drainage design 

systems on palm oil plantations are unsatisfactory; they must be revised to improve the 

drain capacity to address future flooding.  Moreover, the participation of locals in 

maintenance activities, such as garbage collection and removing weeds from the drains, 

is crucial because stakeholder participation is a pillar of IWM.  Thus, it is vital to 

reflect on ways to promote the participation of locals and facilitate their understanding 

of the underlying issues discussed herein. 

 

7.3.3.3 Management of Fallen Leaf 

According to Tarigan et al. (2016), the expansion of palm oil plantations reduces 

watershed’s water regulation function because of increased surface runoff.  Based on 

runoff simulations using a hydrologic model, their research proposed two flood 

mitigation options: frond pile management and a combination of frond pile 

management and silt pit treatment.  Both options represent simple ways to enhance 

locals’ adoption and sustainable application.  Tarigan et al. (2016) found that the both 

options can reduce surface runoff by approximately 10-30%.  These options are 

considered ecologically effective and economically viable due to the fact that 
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implementation costs are low and they satisfy the land management criteria suggested 

by Dumanski and Peiretti (2013). 

 

Based on the pilot study conducted by Tarigan et al. (2016) in the Merangin Tembesi 

Watershed of Indonesia, fallen leaf management seems effective.  Its implementation 

requires the understanding and participation of locals, above all those who have 

privately-owned palm oil plantations (these owners generally ignore leaves on the 

ground).  Without their cooperation, flooding on palm oil plantations cannot be 

resolved.  The difficulty of enacting this strategy is compounded by locals’ belief that 

fallen leaves provide the advantage of keeping moisture in the soil to make more and 

better fruits.  Yet, fallen leaves cause flooding and clog drains.  Actually, managing 

fallen leaves accelerates rainwater infiltration into the ground, i.e., groundwater 

recharge is enhanced by removing the leaves from the ground.  Accordingly, the 

moisture in the soil will be enough without the fallen leaves (Tarigan et al., 2016).  In 

addition, it can reduce clogging of drains when it rains heavily, which is better for 

locals insofar as it allows them to understand the pros and cons of their lack of 

maintenance.  By being armed with that understanding, locals can implement 

appropriate fallen leaf management.  More scenario simulations using the hydrologic 

model are required to evaluate the effects of the fallen leaf management and its 

effectiveness to facilitate the understanding of locals. 

 

7.4 Flood Management in Urban Area  

Rapid land development, urbanization, and urban sprawl have occurred all over 

Malaysia in the last few decades.  These rapid changes in land use intensify the 

negative effects of flooding in the Johor River Watershed and Malaysia as a whole.  

Therefore, this section clarifies the current flood management system in the Johor 
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River Watershed’s urban areas and reviews some feasible flood management plans on 

the basis of IWM.  The target urban area, i.e., the main area of discussion in this 

section, is Kota Tinggi; this city is located in the lower basin of the Johor River (Figure 

3.31). 

 

7.4.1 Impacts of Urbanization on Watershed Hydrology 

Roesner et al. (2001) summarized the impacts of urbanization on runoff and 

subsequent flooding in the urban area of a watershed.  Undeveloped land usually 

produces little surface runoff because it has enough area for rainwater to soak into the 

ground.  However, developed land tends to be covered with impervious surfaces (e.g., 

roads and sidewalks); these surfaces do not allow rainwater to infiltrate the ground.  

This increases surface runoff rate during a rainfall event and causes urban flooding.  

Furthermore, higher rates of surface runoff lead to increased magnitude and frequency 

of peak flows in rivers, triggering stream channel erosion and still greater flooding 

downstream.  At the same time, land development decreases evapotranspiration, 

groundwater recharge, and river base flow.  Thus, the hydrologic cycle is dramatically 

changed by urbanization, and the watershed becomes sensitive to the intensity of 

rainfall events. 

 

7.4.2 Current Issues in Urban Area of Johor River Watershed 

Recently, rapid urbanization has occurred near big cities, not only Kuala Lumpur but 

also Johor Bahru, which is near the Johor River Watershed (Majid and Yahya, 2010 

and 2011).  Urbanization and urban sprawl in Johor Bahru may reach the Johor River 

Watershed.  If that happens, the urban area will expand into the watershed.  

Therefore, a concrete flood management system in the urban area will be needed to 

handle the expected negative effects on the watershed hydrology in the future.  
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However, as far as the author has investigated, no concrete design flood system has 

been established yet in the Johor River Watershed.  When two serious floods occurred 

in December 2006 and January 2007, Kota Tinggi, which is located downstream of the 

Johor River, suffered severe damage, as shown in Figure 3.32.  Even though these 

devastating floods occurred in the urban area, no flood management has been carried 

out in the area to date.  Another serious flood again occurred in the Johor River 

Watershed in December 2014, in the NE monsoon season (New Straits Times Online, 

2014; The Malay Mali, 2014).  Thus, the previous chapters of this research were 

dedicated to determining specific design flood criteria for constructing a flood 

management system in the Johor River Watershed. 

 

The design flood value, which was estimated using the conventional design flood 

estimation method of hydrological frequency analysis and runoff simulation based on 

the historical rainfall data, was elaborated in Chapter 4.  In Chapter 6, the design 

flood value, which was estimated using the same method but focused on future 

(projected) rainfall data, was proposed to shed light on the possible impacts of climate 

change.  The methodology used to determine these design flood values can serve to 

model design flood estimation in Malaysia.  The next step, then, is to implement 

specific flood management based on the design flood criteria and values.  In the 

following subsections, approaches to flood management are presented based on actual 

conditions in Kota Tinggi.  In so doing, this research provides guidance for the 

implementation of the future flood management. 

 

7.4.3 Conventional Flood Management Approach 

In Chapter 3, physical characteristics (e.g., a small cross-sectional area) of the Johor 

River were shown to be strongly correlated to the river’s water capacity and to cause 
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frequent floods in response to seasonal heavy rains.  In addition, certain parts of the 

Johor River Watershed are vulnerable to flooding and may easily collapse when 

intense rainfall occurs; the identification of these vulnerable areas was done using the 

river’s physical characteristics (Figure 3.20).  Figure 3.20 pinpointed a spot in the 

upper stream of Kota Tinggi as one of the most vulnerable spots in the watershed.  

Therefore, structural measures, particularly river improvements such as embankment, 

targeting this spot will effectively prevent riverbank collapse and mitigate flooding 

damage in Kota Tinggi. 

 

Figure 7.15 shows the watershed’s riverbank around Kota Tinggi as of December 2012.  

Although the picture was taken six years after two serious flood events, any river 

improvement had not been carried out in this area.  According to Abdullah (2013), the 

dangerous, alert, and normal water levels at Kota Tinggi are 2.8 m, 2.5 m, and 2.1 m, 

respectively.  However, based on interviews with local researchers, the current 

riverbank has not yet satisfied even the alert water level.  River improvement has not 

been done thus far because locals have already adapted to the current flood levels.  As 

shown in Tables 3.14 and 3.15, the two serious floods caused many people to evacuate.  

Fortunately, no fatalities were confirmed during these floods; unfortunately, the local 

government might take the lack of confirmed fatalities as a sign that the floods were 

not catastrophes requiring immediate action and thus not subsidize flood management, 

particularly the river improvements.  Evidence of this position came after floods 

between December 2014 and January 2015; these floods caused many fatalities, mostly 

a northeastern part of Malaysia.  In response, the Malaysian government allocated 

improvement funds for several states (e.g., New Straits Times Online, 2014; The 

Malay Mali, 2014).  Therefore, the number of fatalities is a key factor in the 

government’s rationale to take action or not.    
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With the consideration of the future impacts of climate change, the flood situation will 

change and fatalities might occur because of the expected high peak flow and 

subsequent overflow from the river as well as an increased risk of flooding.  

Structural measures for the whole river would entail extraordinary costs.  However, 

river improvements can be carried out in areas vulnerable to flooding.  These 

vulnerable areas in the Johor River Watershed were identified in Chapter 3.  Thus, 

implementation of certain river improvements to these areas will provide adequate 

mitigation of flooding and effectiveness in terms of costs. 

 

 

Figure 7.15 Riverbank at Kota Tinggi in Malaysia as of December 2012 

 

7.4.4 Sustainable Flood Management Approach 

Although structural measures are effective, locals; stakeholders, planners, and 

administrators occasionally oppose these measures because of costs and negative 

effects on the surrounding environment.  Thus, sustainable flood management, 

namely Sustainable Urban Drainage System (SUDS), has become popular.  Recently, 

many SUDS approaches, such as rainwater harvesting and vegetated infiltration system, 

have been proposed.  In this subsection, some SUDS approaches are discussed. 
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a. Rainwater Harvesting 

Instead of constructing large hydraulic structures, rainwater harvesting facilities (e.g., 

tanks, cisterns, and ponds) have become the primary method to store rainwater and 

control outflow into a river, particularly during heavy rainfall events in urban areas.  

Burns et al. (2012) proposed an example of effective utilization of a rainwater tank.  

Rainwater tanks can reduce the frequency of surface runoff as well as runoff volumes 

in suburban residential properties.  Figure 7.16 depicts a rainwater tank example.  

The tank stores rainwater, and the water can be used for non-potable purposes if 

necessary.  This means that people can save water bill because the water works as a 

supplemental water source for daily lives of people.  In addition, the tanks can be 

connected to vegetated infiltration systems for water retention and infiltration.  

Overflow from the rainwater tank is connected to the vegetation infiltration system, 

and the infiltration system can retain water as well.  The presence of vegetation 

increases the evapotranspiration rate.  Therefore, excessive water can be efficiently 

managed and sustainably used with rainwater harvesting, and it is done in a more 

compact manner than with hydraulic structures.  These functions lead to many 

people’s preference for rainwater harvesting facilities rather than hydraulic structures. 

 

According to the research conducted by Loc (2013) and Loc et al. (2015) using the 

hydrologic model, the rainwater harvesting can reduce approximately 6% of peak 

flows in Ho Chi Minh city, Vietnam.  However, further research has to be conducted 

to investigate its effectiveness in Kota Tinggi. 
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Figure 7.16 Water retention strategy using a rainwater tank and infiltration system 

(Burns et al., 2012) 

 

b. Vegetated Infiltration System  

Hamel et al. (2013) described the details of the vegetated infiltration systems as 

source-control techniques.  The authors mentioned that source-control infiltration 

systems can modify the water balance via three processes: decreasing surface runoff, 

enhancing subsurface flow, and increasing evapotranspiration.  However, 

environmental factors, such as climate, soil, vegetation, and the built environment, 

determine system design and its efficiency.  In such cases, a hydrologic model is 

effective to assess the effects and costs of the system on hydrology in an urban area.  

The feasibility of a combination of a source-control infiltration system and rainwater 

harvesting in Kota Tinggi remains to be determined.  Thus, the efficiency and 

applicability of this strategy for Kota Tinggi merit investigation using a hydrologic 

model based on simulated scenarios. 

 

c. Retention and Detention Ponds  

As noted in 7.3.2.6, retention and detention ponds are multifunctional basins that 
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temporarily store flood water and mitigate flooding downstream.  These ponds can 

also be used for recreational and aesthetical purposes.  For example, retention ponds 

can be utilized for fishing, and detention ponds can be used as community sports 

facilities.  These ponds serve other important roles, e.g., water supply, water quality 

control, pollution diffusion control, runoff infiltration, and groundwater recharge 

(Robinson et al., 2010).  From the perspectives of efficiency, sustainability, and 

acceptability, these ponds will prove valuable in the fight to mitigate flooding, and they 

will offer recreational value as sites for locals even in urban areas. 

 

d. SUDS Applications in Malaysia  

A SUDS pilot project has been established and conducted on the engineering campus 

of Universiti Sains Malaysia; the project is known as the Bio-Ecological Drainage 

System (BIOECODS) (Zakaria et al., 2003; Ghani et al., 2004).  This project used the 

Urban Stormwater Management Manual for Malaysia, developed in 2000 and updated 

in 2012 by DID, as a guide (MSMA, 2000 and 2012); BIOECODS combines 

source-control techniques, such as ecological swale, online underground storage, 

detention (dry) pond, retention (wet) pond, recreational pond, and wetland/wading 

river, to reduce runoff rates, runoff volumes, and pollutant loads during storm events.  

The primary functions of BIOECODS are: to promote stormwater infiltration from 

impervious lands by using swales; to release stormwater through the use of the swales, 

online underground storage, and dry ponds; and to improve the quality of stormwater 

by utilizing the functions of the swales and wet ponds/lands.  Zakaria et al. (2003) 

demonstrated BIOECODS abilities to minimize peak flows during storm events by 

using the hydrologic model and to improve the water quality by investigating actual 

water samples during storm events. 
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In addition to the application of SUDS at the site level in Malaysia, Loc (2013) 

introduced other successful SUDS applications and summarized them for the district 

level in a residential zone in Stuttgart, Germany and for the city level in Portland, USA.  

Successful examples of these applications from the site to the city level verified that 

SUDS can be feasible and applicable for sustainable urban stormwater management in 

Malaysia.  Therefore, the application of SUDS research to the case of Kota Tinggi 

will be beneficial when considering the goal of sustainable flood management at city 

and country levels. 

 

7.4.5 Nonstructural Flood Management Approach 

As shown in Tables 3.14 and 3.15, no fatalities were confirmed in Kota Tinggi when 

two serious floods occurred in December 2006 and January 2007, despite the fact that 

many people were forced to evacuate.  This may be a sign that locals have already 

adapted to the current flood levels.  As noted in 2.1.1, people living in the regions 

vulnerable to flooding usually construct stilt houses so that water does not exceed floor 

height (Chan, 1997).  This is a clear example of adaptation to flood conditions based 

on locals’ experiences and demonstrates how locals respect their ancestors’ experiences.  

However, when we consider the future impacts of climate change, there is lingering 

doubt: how will people adapt to more severe floods in the future? In this case, 

nonstructural flood management will become a key factor in the preparation for future 

floods. 

 

Nonstructural measures reduce flood damage through nonconstructive solutions (i.e., 

solutions that do not involve construction) as well as flood management plans.  In that 

sense, IWM include applications of nonstructural measures.  Wing (2004) suggested 

nonstructural measures to effectively avoid a flood.  For example, flood forecasting 
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and warning system is an important, practical, and low-cost measure to minimize 

flooding damage.  This is the most acceptable and applicable way for people to 

currently handle floods in an era of ubiquitous smart devices (e.g., mobile/cellular 

phones or other devices with Internet connection). 

 

Population relocation/resettlement is another nonstructural measure traditionally 

implemented in Malaysia to reduce the potential damage and loss of life in areas prone 

to flooding.  In particular, this method is effective for areas where floods cannot be 

significantly reduced by structural measures (Wing, 2004).  In fact, the Malaysian 

government has already prepared many relocation/resettlement schemes for flood 

management (Chan, 1995).  For example, 1,672 and 2,715 families from the states of 

Kelantan and Pahang, respectively, have been resettled since 1971 because these areas 

are known as the most flood-prone areas in the country (Wing, 2004).  However, there 

are few other cases of relocation/resettlement because of its unpopularity and high cost.  

It is considered the worst and last option by locals who, naturally, do not want to incur 

the hardship of relocation/resettlement, i.e., prepare alternative locations and houses, 

lose contact with their relatives, friends, and places of work or schools, and get 

acclimated to their new environment (Chan, 1995).  Having said that, locals have 

already recognized that moving to other places with a higher elevation is effective to 

mitigate the damage of floods, according to D/iya et al. (2014).  However, it is 

difficult for people living in Kota Tinggi to move to higher ground because the city is 

located in a flat area of the lower basin, and the elevation of most areas in the Johor 

River Watershed is relatively low (Figures 3.8, 3.17, and 3.18).  D/iya et al. (2014) 

proposed an alternative, suggesting a flood-fighting drill for locals and encouraging 

locals to participate in the drill, in addition to the development of housing that is 

designed to mitigate floods (flood-proofing).   
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Preparation of suitable design flood guidelines, standards, and criteria is also 

categorized as a nonstructural measure; this can be the most important part of effective 

flood management if local government and the private sector strictly adhere to such 

measures.  However, a lack of clearly delineated guidelines, standards, and criteria 

has exacerbated the damage of floods in some regions in Malaysia, including the target 

watershed of this research, the Johor River Watershed.  Therefore, this research has 

been dedicated to weaving the concept of IWM and the future impacts of climate 

change into the design flood criteria. 

 

7.5 Summary 

In order to prevent flooding and/or mitigate flooding damage, a comprehensive 

consideration of real situations in the target watershed should be conducted before any 

practical strategies are applied.  The conditions and underlying issues in the Johor 

River Watershed and Malaysia were observed and analyzed in this research.  As a 

result, feasible flood management strategies were proposed in this chapter; the 

proposed strategies were based on the findings of both field surveys and a literature 

review.   

 

There are 13 states in Malaysia, and each state has its own water resource management 

department in addition to the federal Malaysian ministries and departments.  These 

fragmented and piecemeal systems for water management each operate unilaterally; 

that is, there is no single authority that coordinates the actions of individual ministries 

or departments.  As of now, it is difficult to precisely determine, let alone integrate, 

the water management strategies conducted in each state because of the myriad 

independent administrative systems.  Therefore, these administrative systems must be 

integrated to effectively enact IWM.   
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This chapter presented feasible flood management strategies focusing on palm oil 

plantations and urban areas in the Johor River Watershed.  For the former, effective 

use of the retention and detention ponds, improvement of drainage systems, and 

management of fallen leaves were proposed as feasible flood management strategies.  

For the latter, conventional (i.e., structural measures such as embankment) and 

sustainable (i.e., SUDS) approaches were proposed, along with nonstructural measures 

that include the preparation of design flood criteria. 

 

On balance, effective flood management requires the consideration of structural and/or 

nonstructural measures that rely on preventive and adaptive countermeasures in 

addition to fostering understanding and participation in planning among the locals to 

comply with IWM principles.  To enhance locals’ understanding and promote their 

participation, it is incumbent upon researchers to evaluate suggested countermeasures 

using engineering techniques, such as the hydrologic model, and propose 

evidence-based flood management plans.  However, when researchers propose any 

countermeasures, the knowledge, wisdom, and experiences of local people cannot be 

forsaken; locals must be encouraged to participate in all phases.  That is, people’s 

hearts are essential, people’s hearts must be respected, to successfully implement IWM.  
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CHAPTER 8 

 

CONCLUSIONS, CONTRIBUTIONS, AND FUTURE AVENUES 

 

In this last chapter, a comprehensive summary is presented based on the findings 

through this research.  Conclusions are first encapsulated according to the results 

from each chapter. Contributions are then discussed on the basis of the attained specific 

objectives.  Future avenues are finally debated in accordance with the approach, 

scope, and limitation of this research.   

 

8.1 Conclusions 

The purpose of this research was to establish the concrete design flood system 

considering the monsoon climatic characteristics and the impacts of climate change on 

the Johor River Watershed in Malaysia, as a part of Integrated Watershed Management 

(IWM) for Southeast Asia.  A unique monsoon climatic characteristic, continuous 

rainy days, was first integrated into the hydrological frequency analysis, and the most 

rational rainfall duration was then investigated to estimate the reasonable design flood 

value for the watershed.  Since climate change is a concern not only for researchers 

but also for local planners and administrators, this research additionally took the 

impacts of climate change on the watershed into consideration for design flood 

estimation.  Consequently, the future-oriented design flood value was estimated using 

a super-high-resolution atmospheric general circulation model (AGCM20), along with 

some suggestions for evolving design flood estimation in the future.  The author 

hopes that the design flood criteria determined in this research can be used for 

pondering the specific flood management strategies in Malaysia.  Finally, the feasible 

flood management strategies, including structural and nonstructural measures, were 
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proposed for the watershed based on field surveys and a literature review.  The 

general findings obtained in each chapter are as follows:  

 

In Chapter 2, an extensive literature review and discussion were provided to grasp the 

flood situations and problems and to reveal the flaws in flood management of 

Southeast Asia.  Flooding is obviously one of the most common and serious problems 

under the monsoon climate.  However, the lack of concrete flood management 

systems is one of the underlying causes of flooding not only in Malaysia but also in 

other Southeast Asian countries.  There are still some gaps between the hydrologic 

research and practical application.  Even if the latest technology is used and its 

performance is investigated by researchers, there are few practical applications and 

design flood criteria that utilize these technologies for design flood estimation.  

Therefore, this research set a goal to integrate the gaps in rational design flood 

estimation by demonstrating a certain way to determine the practical design flood 

criteria and estimating the concrete design flood values. 

 

In Chapter 3, the GIS-based watershed model was constructed using the Hydrologic 

Simulation Program-FORTRAN (HSPF) in the Johor River Watershed.  The 

necessary data for watershed modeling were first collected, and a parameter 

optimization algorithm using the Parameter ESTimation (PEST) was then formulated 

to set the parameters.  The calibrated HSPF model accurately simulated three 

historical floods, and the model’s performance to simulate floods was verified in the 

watershed.  Topographical and rainfall characteristics of the watershed were also 

investigated based on the collected watershed information.  It was clarified that the 

Johor River has unique topographical characteristics, such as a remarkably gentle slope 

and a small cross-sectional area.  The results of the rainfall analyses showed that the 
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rainfall events are dependent: multiday rainfall events easily occur once a rainy day is 

confirmed in the watershed.  These investigations revealed that the topographical and 

rainfall characteristics obviously affect the occurrence of floods in the Johor River 

Watershed. 

 

In Chapter 4, one of the most specific characteristics of the monsoon climate, 

continuous rainy days, was taken into consideration for design flood estimation.  Four 

investigations, including two rainfall characteristics surveys, rainfall-runoff simulation, 

and the hydrological frequency analysis, were conducted to determine the most rational 

rainfall duration in the Johor River Watershed.  Based on the results of the four 

investigations, 5-day rainfall duration was the most rational for design flood estimation 

in the watershed.  Finally, this chapter clarified the design flood value, 851.0 m
3
/s, 

based on the determined design flood criteria, that is, a peak flow of the 5-day rainfall 

duration with the 100-year return period. 

 

In Chapter 5, AGCM20 was introduced to the Johor River Watershed.  The rainfall 

data obtained from AGCM20 were first validated comparing to the observed data in 

the control period.  Future changes in annual, monthly, and daily rainfalls were then 

analyzed using the AGCM20 outputs of the watershed after the validation and bias 

correction.  The changes in annual rainfall implied that the bipolarization of rainfall 

amounts between the pluvial and rainless years would be amplified in the future.  

Monthly rainfall analysis showed that more severe rainfall events of high rainfall 

intensity would occur in the NE monsoon season and projected that the onset of the NE 

monsoon season would become earlier.  In addition, daily rainfall analysis clarified 

that more severe torrential rain would occur in the future.     
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In Chapter 6, the future AGCM20 outputs were used to investigate the future changes 

in extreme rainfall and flood events and to estimate the future-oriented design flood 

value for the Johor River Watershed.  In so doing, a bias correction using the 

cumulative distribution function (CDF) mapping method was proposed to adjust the 

biases of the extreme rainfall.  Based on the results, it was revealed that the both 

rainfall and flood events that correspond to the 100-year return period of the current 

scenario will more frequently occur under the future scenario.  With the consideration 

of the design flood criteria determined in Chapter 4, a design flood value will become 

992.1 m
3
/s in the future, and the return period of this value corresponds to 282.8 years 

based on the intensity-duration-frequency (IDF) relationship of the historical scenario.  

In addition, the return period of 851.0 m
3
/s, the design flood value estimated based on 

the historical data in Chapter 4, will become 18.5 years in the future.  This means that 

the current planning scale, i.e., the 100-year return period that has been commonly 

used in Malaysia, might not be adequate to prevent and/or mitigate the damage of 

devastating flood caused by climate change.  Therefore, this research proposed two 

ways to consider the impacts of climate change in design flood estimation and prevent 

more severe flood disasters caused by climate change.  One way is to use the 

AGCM20 (or GCM/RCM) outputs for design flood estimation of the future if planners 

can obtain those data.  Another way is to extend the current planning scale to a longer 

return period (e.g., 300 years) if planners are only able to obtain the historical rainfall 

data. 

 

In Chapter 7, the observed conditions and underlying issues in the Johor River 

Watershed were revealed and analyzed, and feasible flood management strategies that 

follow the IWM concept were proposed in light of a comprehensive consideration of 

both field surveys and a literature review.  First of all, there is no single authority that 
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coordinates the actions of the piecemeal administrative systems each operating 

unilaterally for water resource management in Malaysia.  Therefore, the integration of 

these administrative systems should be handled on the spot for effective IWM.  Then, 

the feasible flood management strategies that focused palm oil plantations and urban 

areas were presented for the watershed.  Effective use of the retention and detention 

ponds, improvement of drainage systems, and management of fallen leaves were 

proposed for palm oil plantations.  Conventional (i.e., structural measures) and 

sustainable (i.e., SUDS) approaches were proposed for urban areas, along with 

nonstructural measures that include the preparation of the design flood criteria.  

Effective flood management entails fostering the understanding and participation in 

planning among the locals to comply with the IWM principles.  To enhance locals’ 

understanding and promote their participation, it is incumbent upon us, as researchers, 

to evaluate the suggested countermeasures by using engineering techniques and to 

propose the evidence-based flood management plans.  When researchers propose any 

countermeasures, the knowledge, wisdom, and experiences of locals cannot be 

forsaken; locals must be encouraged to participate in all phases.  That is, people’s 

hearts must be essentially respected to successfully implement IWM. 

 

8.2 Contributions 

In order to attain the purpose of this research, i.e., to establish the concrete design 

flood system that considers the monsoon climate and climate change in the Johor River 

Watershed, the eight specific objectives were stated in Chapter 1.  These research 

objectives were achieved in the corresponding chapter, as the following specific 

angles:  

 

In Chapter 3, the GIS-based watershed model was constructed using HSPF, along with 
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the necessary procedures, such as data collection and parameter optimization.  The 

HSPF model accurately simulated three historical flood events in the Johor River 

Watershed.  Therefore, the research objectives 1 and 2 have been attained in this 

chapter. 

 

In Chapter 4, the four investigations were established to determine the most rational 

rainfall duration for reasonable design flood estimation under the monsoon climate.  

On the basis of the results obtained from the investigations, the 5-day rainfall duration 

was the most rational for design flood estimation in the Johor River Watershed, and the 

design flood value, 851.0 m
3
/s, was provided based on the determined design flood 

criteria for the watershed.  Therefore, the research objectives 3 and 4 have been 

addressed in this chapter. 

 

In Chapter 5, AGCM20 was introduced to investigate the future changes in rainfall 

characteristics of the Johor River Watershed.  The future AGCM20 outputs were 

analyzed in light of the annual, monthly, and daily rainfalls. The amplified 

bipolarization of rainfall amounts between the pluvial and rainless years, more severe 

rainfall and flood events of high rainfall intensity in the NE monsoon season, earlier 

onset of the NE monsoon season, and occurrence of more severe torrential rain were 

clarified based on the analyses using the future AGCM20 outputs.  Therefore, the 

research objective 5 has been achieved in this chapter. 

 

In Chapter 6, the future changes in extreme rainfall and flood events were investigated 

using the future AGCM20 outputs.  According to the results, it was revealed that the 

both rainfall and flood events will more frequently occur in the future.  The 

future-oriented design flood value, 992.1 m
3
/s, was estimated considering the design 
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flood criteria determined in Chapter 4 (i.e., the peak flow of the 5-day rainfall duration 

with the 100-year return period), based on the IDF relationship obtained from the 

hydrological frequency analysis and runoff simulations using the future AGCM20 

outputs.  Therefore, the research objectives 6 and 7 have been addressed in this 

chapter. 

 

In Chapter 7, the feasible flood management strategies were proposed based a 

comprehensive consideration of both field surveys and a literature review.  Field 

surveys observed the real conditions and revealed the underlying issues in the 

Malaysian watersheds, including the Johor River Watershed.  In addition, several 

flood management strategies, particularly for palm oil plantations and urban areas in 

the watershed, were come up with by the literature review.  Therefore, the research 

objective 8 has been attained in this chapter. 

 

In light of the results, discussions, and accomplishments in each chapter, the purpose 

of this research was addressed.  Although the investigations and analyses conducted 

in this research were pilot studies in the Johor River Watershed, the findings will be 

definitely important to construct the design flood systems for Southeast Asian 

countries.  In the end, the author hopes this research will become a stepping stone on 

the way to successful IWM in Southeast Asia to secure the lives of next generations. 

 

8.3 Future Avenues 

Specific challenges and recommendations have already been stated in relevant parts of 

each chapter.  This research was dedicated to establishing the design flood system in 

Malaysia and carried it out on the Johor River Watershed as a test bed.  Therefore, the 

methodology and procedures should be generalized for the whole river watershed in 
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Malaysia and even for other watersheds in the monsoon regions with similar climatic 

characteristics.  As such, there need to be more application studies for other 

watersheds in monsoon regions to confirm the applicability of the methodology used in 

this research.  There are still several constraints that have to be untied in future works 

due to the limited data availability in Southeast Asian countries, including Malaysia.  

They are summarized as follows: 

 

With regards to the watershed modeling, the global datasets must be first validated 

with the local datasets, such as meteorological dataset.  This has to be concomitant 

with both the improvement the data availability and the advancement of data 

themselves in Southeast Asia.  Then, modeling procedures should be generalized to 

simulate floods not only in the Malaysian watersheds but also in other watersheds in 

Southeast Asian countries.  The more assured watershed model and universally 

applicable modeling procedures can better ensure future scenario simulations to 

evaluate the proposed flood management strategies. 

 

In terms of the design flood criteria, this research took only rainfall characteristics into 

consideration and investigated these future changes.  However, other factors (e.g., 

land development and urbanization) that strongly affect the hydrological processes in 

the watershed should also be taken into account in future applications, along with the 

watershed size as described in Chapter 4.  In addition, according to the analyses of the 

future rainfall duration in Chapter 5, the critical rainfall duration might change to the 

shorter duration because torrential rain would more frequently occur in the future.  

When carefully considering these factors, the design flood criteria can be more closely 

and precisely determined.  Well-designed flood value can provide rational and 

valuable supports for decision-making processes by practitioners.  The methodology 
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proposed in this research to determine the design flood criteria would not yet be 

universally applicable to all watersheds in Southeast Asian countries because of the 

complex weather systems and diverse environmental situations.  However, the 

procedures used in this research can be flexibly applied to these regions, using a 

hydrologic model depending on the research purpose and data availability.  Hence, 

the author hopes that the methodology and procedures of this research will become the 

platform for determining the rational design flood criteria. 

 

In the end, the HSPF model should be used to propose certain countermeasures for 

flood mitigation and/or prevention by evaluating several scenarios.  Flood 

management strategies, which reflect the watershed’s real conditions and underlying 

issues that are often neglected by hydrologists, have been proposed for the Johor River 

Watershed based on field surveys and a literature review in Chapter 7.  Therefore, the 

effective flood management strategies proposed in this research should entail scenario 

simulations to evaluate the effectiveness of them by the HSPF model in future 

research. 

 

Many technical issues, including the challenges mentioned above, still remain in this 

research.  Towards an effective implementation of IWM, additionally, the 

understanding, knowledge, wisdom, experiences, and participation of locals in all 

IWM phases, that is, people’s hearts must be involved in the future avenues of this 

research.  To this end, it is indispensable for researchers to propose evidence-based 

flood management plans using engineering techniques, along with the cooperation with 

locals and stakeholders, in order to promote their participation.  This is a fundamental 

of IWM.  IWM can connect person to person and people to people with warm hearts, 

and it is the researchers' duty to hand over these hearts of people to the future. 
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