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In recent decades, growing populations and economic development in urban regions
have resulted in severe water shortage in many countries, whereas around 70% of the
total global water is used in agriculture. Anthropogenic climate change is another
serious concern, potentially causing water shortages over different spatial and
temporal scales. Due to increases in the global mean temperature, changes in the
frequency and intensity of precipitation, and rising sea levels. These changes will be
having adverse effects on water resources management. Bukit Merah Reservoir
(BMR) located in Perak, Malaysia is chosen as a study site to examine future optimal
release policies to supply paddy irrigation water to the Kerian Irrigation Scheme
(KIS), as well as meeting the domestic and industrial water demand. Kurau River
Basin (KRB), where 4 weather stations are located, is considered as the main source
of water supply to BMR. This study attempted to optimal reservoir operation with the
adaptive future strategies under the new realities of climate change on the hydrological
regimes at a tropical agro-hydrological watershed.

Many studies have been conducted on the future change in the hydrological cycle at
the global and continental levels over the coming decades using General Circulation
Models (GCMs) under different greenhouse gas emission scenarios of Representative
Concentration Pathways (RCPs). Climate projections from GCMs require
downscaling for use in regional water resources management applications, to convert
the variables from coarse resolutions to local or regional scales. In this study, future
climate variables are generated through statistical downscaling, stochastic Weather
GENerator (WGEN) method used to downscaling current and future rainfall and
temperature from 10 GCMs output for the 3 future periods: 2010-2039, 2040-2069
and 2070-2099. The GCMs are driven by 3 of the recent updated RCPs scenarios,



namely, RCP4.5, RCP6.0 and RCP8.5. The Richardson-type model was discussed to
clarify trends and variations in each GCM and ensembles of the variables in the
context of the different RCPs and future periods.

The Soil and Water Assessment Tool (SWAT) hydrologic model is applied to KRB to
predict streamflow for both historical (1976-2006) and future (2010-2099) periods by
following a rigorous calibration and validation analysis using the Sequential
Uncertainty Fitting (SUFI-2) technique. SUFI-2 procedures gave good results in
minimizing the differences between observed and predicted flows at the outlet of the
KRB. The objective functions, viz. coefficient of determination, (R?), Nash-Sutcliff,
(NSE) and Percent Bias, (PBIAS), have been tested and show better correlation and
agreement between the observed and predicted streamflows on monthly scale. The
impact of climate change on future flows of the KRB is evaluated in the validated
SWAT model. There is projected streamflow reduction during the off-season months
and increasing trend is projected in the main cropping season, with the exception of
June and July months where the streamflow remains low, which could be due to high
surface warming in future. The response characteristics of the runoff process in KRB
identified by SWAT is used for setting model structures for operation of BMR.

Stochastic Dynamic Programming (SDP) is applied to determine the optimal policies
for release discharges from the BMR, under current and future conditions (25
scenarios combinations of 10 GCMs, 3 RCPs and 3 future time periods). In particular,
6 sets of projections representing the upper and lower limits of changes in rainfall are
considered. The penalty function is prescribed to minimize the difference between the
actual release and demand while avoiding overflows from the irrigation canals and
maintaining the BMR water level as close to the normal level as possible. Discounting
the penalty is necessary to obtain a one-year periodic optimal policy as the limit of the
terminal time 7 goes to infinity. Two extreme projections of rainfall change with
opposite signs have been chosen. Using a realistic value of 0.950 for the discount rate,
the optimal policies impose restrictions on the discharge rates to meet domestic
demand more often for these two extreme cases than under current conditions. The
results show that a striking consequence of the optimal policies for the two
precipitation extremes both impose restrictions on supplying the irrigation water,
resulting in similar increases in the maximum of the value function. This demonstrates
that even if operators follow the optimal operation policy, mitigation measures against
climate change and increasing water demands are necessary. As the development of
alternative water sources currently seems to be inefficient. However, max penalty
function mitigates the maximum deficit (MRI) from 23.4% to 11.6%, SDP is very
powerful in suppressing the impact of climate change in term of vulnerability. The
promotion of water saving technologies for water users is highly recommended.

i



Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai
memenuhi keperluan untuk ijazah Doktor Falsafah

OPERASI HARIAN TAKUNGAN BUKIT MERAH DENGAN
PENGATURCARAAN DINAMIK STOKASTIK DI BAWAH KESAN
PERUBAHAN IKLIM

Oleh

RASHA MOHAMMADSIME FADHIL

Mei 2018

Pengerusi : MD, Rowshon Kamal, PhD
Fakulti : Kejuruteraan

Pada  dekadterkini, bilanganpenduduk  yang  semakinmeningkat  dan
pembangunanekonomi di kawasanbandartelahmengakibatkankekurangan air yang
teruk di banyak negara, di mana sekitar 70% daripadajumlahkeseluruhan air global
digunakandalampertanian. Perubahan iklim antropogenik adalah satu lagi
keprihatinan yang serius, yang berpotensi menyebabkan kekurangan air keatas skala
ruang dan temporal yang berbeza. Disebabkan oleh kenaikan suhu purata global,
perubahan dalam kekerapan dan intensiti hujan, dan peningkatan paras laut.
Perubahan ini akan memberi kesan buruk kepada pengurusan sumber air.Takungan
Bukit Merah (BMR) yang terletak di Perak, Malaysia yang dipilih sebagai tapak kajian
untuk mengkaji polisi pelepasan optimum masa depan untuk membekalkan pengairan
air padi kepada Skim PengairanKerian (KIS), serta memenuhi permintaan air
domestik dan perindustrian kawasan Kerian , Daerah Larut, Matang, dan Selama.
Kawasan tadahan Sungai Kurau (KRB) terletakny 4 stesen kaji cuaca dianggap
sebagai sumber bekalan air utama ke kawasan BMR. Kajian ini mencuba operasi
takungan optimum dengan strategi masa depan yang menyesuaikan diri di bawah
realiti baru perubahan iklim terhadap rejim hidrologi di kawasan aliran air agro-
hidrologi tropika. Banyak kajian telah dilakukan mengenai perubahan iklim pada masa
depan dalam kitaran hidrologi di peringkat global dan benua dalam dekad yang akan
dating dengan menggunakan model peredaranumum (GCMs) di bawah scenario
pelepasan gas rumahkaca yang berbeza (Laluan Konsentrasi Perwakilan; RCPs).
Unjuran iklim dari GCM memerlukan pengurangan nilai untuk digunakan dalam
aplikasi pengurusan sumber air serantau, iaitu untuk mengubah pembolehubah
daripada resolusi kasar ke skala tempatan atau serantau, kerana kelakuan
pembolehubah hidrologi penting dari rantau ke rantau. Dalam kajian ini,
pembolehubah iklim masa depan dijana melalui penurunan statistik, kaedah Stochastic
Weather GENERATOR (WGEN) yang digunakan untuk menurunkan hujan dan suhu
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semasa dan masa depan dari 10 output GCM untuk 3 masa akan datang: 2010-2039,
2040-2069 dan 2070-2099. GCM dipandu oleh 3 senario RCP terkini, iaitu RCP4.5,
RCP6.0 dan RCP8.5. Model jenis Richardson dibincangkan untuk menjelaskan tren
dan variasi dalam setiap GCM dan ensembles pembolehubah dalam konteks RCP yang
berbeza dan masa depan. Model Hidrologi Alat Penilaian Tanah dan Air (SWAT)
telah digunakan untuk KRB untuk meramal aliran air sungai untuk kedua-dua sejarah
(1976 -2001) dan masa depan (2010-2099) dengan mengikuti analisis penentukuran
dan pengesahan yang ketat dengan menggunakan teknik Ketetapan Ketidakpastian
Sequential (SUFI-2). Prosedur SUFI-2 memberi keputusan yang baik dalam
pengurangan berbezaan antara aliran air yang dicerap dan dianggarkan di titikkeluar
KRB. Fugsi objektif, iait upekalipenentuan (R?), Nash-Sutcliff (NSE dan peratusan
bias (PBIAS), telah diuji dan menunjukkn korelasi yang lebih baik dan mencapai
sepakat antara aliran sungai yang dicerap dan yang diramalkan bagi sekala bulanan.
Kesan perubahan iklim pada aliran masa depan KRB dievaluasi dalam model SWAT
yang telah disahkan. Terdapat aliran diunjurkan pada bulan-bulan di luar musim dan
trend meningkat dijangka pada musim tanaman utama, kecuali bulan Jun dan Julai di
mana aliran aliran masih rendah, yang mungkin disebabkan oleh pemanasan
permukaan yang tinggi pada masa akan datang. Ciri-ciri tindak balas bagi proses aliran
di KRB yang ditentukan oleh SWAT telah diguna untuk penetapan struktur model
untuk pengoperasian BMR.

Pengaturcaraan Dinamik Stokastik (SDP) digunakan untuk menentukan dasar yang
optimum untuk melepaskan pelepasan dari BMR, di bawah keadaan semasa dan akan
datang (25 senario kombinasi 10 GCM, 3 RCP dan 3 masa masa depan). Secara
khususnya, 6 set unjuran yang mewakili limit atas dan bawah bagi perubahan hujan
telah dipertimbangkan. Fungsi penalty ditetapkan untuk meminimumkan perbezaan
antara pembebasan dan permintaan sebenar sambil mengelakkan limpahan dari
terusan pengairan dan mengekalkan paras air BMR yang hamper dengan tahap normal
yang mungkin. Mengurangkan penalty adalah perlu untuk mendapatkan polisi
optimum berkala selama satu tahun kerana limit masa terminal T pergi tak terhingga.
Dua unjuran hujan yang melampau dengan arus bertentangan dipilih. Dengan
menggunakan nilai sebenar 0.950 untuk kadar penurunan, polisi optimum
mengenakan sekatan terhadap kadar discaj untuk memenuhi keperluan domestik yang
lebih kerap untuk kedua-dua kes yang melampau berbanding di bawah keadaan
semasa.

Hasilnya menunjukkan bahawa kesan yang ketara terhadap dasar-dasar yang optimum
untuk kedua-dua hujan itu melampau kedua-duanya mengenakan sekatan untuk
membekalkan air pengairan, menyebabkan peningkatan yang sama dalam maksimum
fungsi nilai. Ini menunjukkan bahawa walaupun pengendalian mengikuti polisi
pengoperasian optimum, langkah-langkah pengurangan terhadap perubahan iklim dan
peningkatan permintaan air diperlukan. Oleh kerana pembangunansumber air
alternatif pada masa ininampaknyatidakcekap. Walau bagaimanapun, fungsi
maksimum penalti mengurangkan defisit maksimum (MRI) daripada 23.4% hingga
11.6%, SDP sangat berkuasa dalam menekan kesan perubahan iklim dari segi
kelemahan. Promosi teknologi penjimatan air untuk penggunaan air sangat disyorkan.
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CHAPTER 1

INTRODUCTION

1.1 Background

Water supply is a main key contributing to sustainability of life through satisfying
water demand in each sector. At the same time, the most critical issues which the world
is facing in the 21st century are the challenges of population growth and climate
change impacts. The intensity of increasing demand for water has been evident due to
environmental changes, expanding urban and economic development of some
countries and the exponential population growth. The world has witnessed a threefold
increase in population which, in consequence, increased water withdrawal to more
than sixfold (Gude, 2016). This shows that water resources and population growth are
uneven throughout the world. It is reported that water demands have already exceeded
the supplies in regions with over 40% of the world’s population (Bennett, 2000; Sato
et al., 2013). Several studies have projected that rising population will increase global
crop production to double by 2050 (FAO, 2009; OECD/FAOQO, 2012).

This arises from the contending need to balance food requirements with the increasing
population without compromising the environment which has already been threatened
by climate change. It has been reported that a significant increase in mean annual
temperature of greater than 2°C will be experienced in many parts of the world by the
end of the present century due to the direct impacts of human activities, population
growth, and carbon emissions (IPCC, 2007). Boyer et al. (2010) reported that slight
disturbances in the amount and frequency of rainfall can significantly impacts on the
mean annual river discharge. Also, Christensen et al. (2004) noted that a small change
in natural inflows have consequences on reservoir storage. So, developing assessment
method of hydrologic regimes is vital to predicting potential impact that climate
change has on water resource management.

However, population growth coinciding with climate change causes difficult
challenges in fixing sufficient amounts of water demanded for agriculture sector to
achieve food security. FAO (2013) highlighted that agricultural sector remains the
largest consumer of water. 70% of the global freshwater is currently being used for
irrigation purpose. And that irrigation alone accounts for more than 95% of the water
supply in some developed countries. The agricultural sector requires increasing the
production of food crop and expanding vast land for cultivation to meet the
requirements for major staple foods such as rice crop. But, uneven distribution and
intensity of rainfall have effects on rice production. More recently, the impact of
climate change has been evident in both rainfall and temperature in south-east Asia,
Malaysia inclusive (Christensen JH, 2007; IPCC, 2007). The latest Sth Assessment
Report (ARS) based on Coupled Model Intercomparing Project Phase 5 (CMIPS)
highlights the intensity of rainfall in Peninsular Malaysia increased during the



monsoon season in the southwest, and during north-eastern monsoon rains during
which the total amount, frequency of extreme rain events and rare intensity of rainfall
increased. At the same time, temperatures are expected to rise throughout the region,
which will require increased irrigation water needs.

A study on simulation of major rice-growing areas in Asia observed that yield declines
by 7% for every 1°C increment in temperature above the observed mean temperature
at the time of the investigation (IWRM, 2007). Some investigations indicate the
probability of consistent annual rise in temperature between 0.5°C and 1.5°C across
Peninsula Malaysia (Tangang et al., 2007). And variation in the regional rainfall
patterns which may increase by 10% for the eastern coastal region, while it may drop
to 5% in the west coast and southern parts of Peninsula Malaysia (Shaaban et al., 2010;
Zakaria et al.,, 2007). One among recent studies, Tukimat (2017) shows that
temperature and rainfall in the intensive irrigated area of Malaysia will increase by
0.2° C and 4% in every ten years, respectively, between 2020 and 2099.

Malaysia is blessed with rainfall throughout the year with an average of 2,420 mm
(Alansi, 2010); however, the form in which the supposed changes will impact the
country’s water resources for rice production in the future is not clear. Disparity in the
pattern of rainfall and rise in temperature will affect hydrological system, and, in
particular, the runoff volume. Studies in Malaysia, have shown that about 10%
reduction in rainfall and increase in temperature by about 1°C during the raining and
dry seasons will reduce runoff by 13% to 35% and 14% to 43% correspondingly
(MOSTE, 2000). Much works have been done to assess the impact of variation in
climatic elements (e.g. temperature, rainfall) and how land use changes have impacted
on streamflow for different rivers in different parts of Peninsular Malaysia such as
Johor, Pahang rivers and catchment runoff for red hill dam (Ghazvinei et al., 2016;
Kamarudin et al., 2015; Tan et al., 2015).

Reservoir plays a vital role in storing water during periods of available surplus (wet
season) for use during scarce water availability (dry season) to ensure sustainable crop
production. Reservoir performance usually depends on using operational decisions on
the release volume during a period. The optimization process involves determining a
set of optimal release decisions for consecutive periods of time so that the total
expected reward resulting from long-term operations is maximized. Climate change
affects meteorological variable that influences on the streamflow, making reservoir
inflow indeed variable. Therefore, it is more advantageous to consider future climate
variables in reservoir operation.

In Malaysia, few numbers of studies have combined future climate variables for
reservoir planning and operation. Tukimat and Harun (2014) proposed approach to
enhance the capability and reliability of the reservoir operation for the Pedu-Muda
reservoir operations to fit the impact of climate change by utilizing LP and
Nondominated Sorting Genetic Algorithm type II (NSGA-II). Tayebiyan et al. (2016)
predicted and analyzed changes in future daily rainfall and temperature for 50 years



using Long Ashton Research Station Weather Generator (LARS-WG) downscaling
produced with the GCMs under three scenarios (B1A, A2 and B1) at Jor Reservoir.
Future changes in rainfall and temperature parameters will significantly have
influence on water availability and elevation at the reservoir. Ismail et al. (2017)
formulated long-term pumping operating rule curves given consideration to
uncertainties in climate change, using mixed integer Linear Programming (LP) for
Layang reservoir, south of west Malaysia. The study depends on deterministic
optimization modeling process using weekly measurements of reservoir inflows to
determine the best operational plan using one future GCM model (HadCM3) for one
scenario (A2).

However, most natural real-life situations are non-linear, so dealing with real-life
scenarios, particularly where high accuracy is a priority, is challenging. For reservoir
system optimization, most problems are non-linear, and time-dependent. Therefore, it
is difficult to apply LP, with intensive use of computer even. (Hossain & El-Shafie,
2013). The current operation of BMR is based on Standard Operating Policy (SOP),
which may not rationalize the release to satisfy the water demand in future. Dynamic
programming (DP) should support more robust SOP in reservoir operation, however,
the "curse of dimensionality” is the main constraint of DP applied to real world
problems. Particularly, when DP is applied to a multi-reservoir system, the problem
become more complex with increase in the number of state variables to multi-reservoir
operation problems (Bellman and Dreyfus 1962). Deterministic Dynamic
programming (DDP) and Stochastic Dynamic programming (SDP) were used in
different case studies (Anvari et al., 2017; Karamouz & Houck, 1987; Raje &
Mujumdar, 2010; Saadat & Asghari, 2017; Sharma et al., 2016; Jaceung et al., 2003;
Zhang et al., 2013). SDP is an effective optimization model for a single reservoir,
with stochastic technique to represent the reality of stochastic variables, such as
rainfall as well as state variables compared to the deterministic in representing the
natural uncertainty of inflow volume, reservoir storage, and water release downstream
(Rani & Moreira, 2010)

1.2 Problem statement

Reservoirs are a promising tool to mitigate water scarcity, provided that rational
operating techniques are employed to ensure the adequate provision of water for
irrigation and other purposes. However, the reservoir operation with current
meteorological data is reasonably weak, unless there is a future study for reservoir
performance under the impacts of climate change to see how the reservoir be able to
meet water demand. The general question posed here is “how we can face the disorders
of the future uncertainty of rainfall and temperature, and how to find the optimal
operational policies under unknown inflow discharges, while taking the impact of
climate change into account?”. In specific issues;



e Achieving water requirement for Agricultural sector and others under climate
change is an urgent issue “How and what extent water resources management can
solve this issue?”. accordingly

e Rainfall and temperature are most important variables in global circulation of
water mass and energy under impact of climate change. “Which technique or
model is suitable to consider the stochastic nature of rainfall affecting other
variables such as local streamflow and then water resources management?”

e A multi-purpose reservoir is operated to meet daily water requirement for irrigation
and domestic purposes, ensuring sufficient amount of rice production against
growing population. “Which optimization method is applicable for multi-stage
reservoir operation adapting the impact of climate change? How does it support
daily decision making for reservoir management”?

1.3 Justification of the study

As the impact of climate change becomes tangible with the advances in information
technology, this study seeks solutions to water management problems in reservoirs in
the framework of modelling and optimization. Utilization of the outputs from GCMs
with downscaling will deepen our understanding of how the climate change will affect
temperature and rainfall patterns at a local level. Physically based models such as
SWAT will realize reproduction of holistic hydrological phenomena in computers,
contributing to estimation and evaluation of water resources in future. As far as
operation of a single reservoir is concerned, SDP will be the most promising approach
to the optimal policy because of its firm mathematical foundation. However,
integrating the knowledge obtained from the above-mentioned models into SDP will
be challenging as a huge computational load is expected if daily or infinitesimal time
scale operation is employed. Nevertheless, studying reservoir operation with SDP can
be justified; prescribing optimal policy will fully and rationally support decision
making of the operator in order to supply water meeting the demand even if the water
balance conditions in the reservoir are deteriorating under the impact of climate
change.



1.4 Aim and objectives of the study

The main aim of'this study is to develop optimal daily operation under the new realities
of climate change on the hydrological regimes in Bukit Merah reservoir. The specific
objectives of the current study are:

1. To generate future hydro-climatological variables of climate change
impacts under the RCPs scenario and GCMs using statistical downscaling
approach.

2. To estimate the hydrologic parameters ranges and sensitivity analysis for
evaluating hydrologic response of an agricultural watershed at the Kurau
River Basin (KRB).

3.  To develop SDP for optimal reservoir operation policy under climate
change impacts.

4.  To assess SDP policy in mitigating the impacts of climate change.

1.5 Scope of the study

The current study focuses on daily operation of BMR under uncertainty such that the
reservoir storage is optimally used for meeting the water demand, considering the
impacts of future climate change. Within the scope of the study, the following
limitations are highlighted. First, downscaled rainfall and temperature (maximum and
minimum) variables are exclusively taken into account during the baseline period and
three future periods of 10 GCM projections with 3 RCPs, as other variables (such as
relative humidity and wind speed) are less affecting streamflows. Second, the GCM
projections are considered separately, and validity of each GCM is not discussed.
Advanced implementation of GCMs assimilating real-time observation data would be
ideal in a prospective future study. Third, current study is interested in the first order
Markov process, which can still deal with the extreme events of rainfall (flood and
drought). Fourth, future changes in land use/cover are assumed to be fixed in modeling
the runoff process, though land-use change is generally considered one of the main
factors influencing the rainfall-runoff relationship. It is believed that changes in land-
use in the future will have a similar impact on streamflow. Fifth, SDP policy is
calibrated with only for a single year of 2009, because it is noticed that the 2009
rainfall pattern was abnormal in comparison with 12 years observation data at the dam
site and with historical record at the nearest observatory.



1.6 Thesis organization

The thesis is arranged into the main five chapters, and a brief summary of each chapter
has been listed below;

Chapter 1 provides information on the general background which include increasing
water demand, population growth and food security. The chapter highlights the
problem of how reservoir serves as an alternative source to adapt to the future. The
specific objectives of the study and their contribution to water management are also
highlighted in this chapter.

Chapter 2 presents the literature reviews specifically on methods, techniques, and
approaches used in the study with detailed discussion of the concept of climate change,
downscaling techniques and their applications to hydrologic modeling and discusses
the optimization techniques related to reservoir operation.

Chapter 3, the methodological illustration starts with background on the study area,
followed by data collection and a summary of the methods used to downscale future
climate data. Furthermore, it explains the models applied to assessing future
streamflow and the process of developing stochastic rainfall and temperature model
to determine the optimal use of BMR following SDP technique.

Chapter 4 presents and discusses results of the investigation. These include the impacts
of climate change on the future streamflow and on reservoir operation by
implementing the SPD to analyze future performance of BMR.

Chapter 5 draws the curtain by presenting the conclusions of the study, its contribution
and limitations. The chapter finally closes with suggestions and recommendations for
future studies
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