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In Thailand, climate change has been observed to show the significant impact
on the hydrological processes and flow characteristics of main river basins especially in
term of rainfall pattern and runoff change in recent years. In year 2011, Thailand had
experienced the severe flood in the Lower Chao Phraya River Basin due to the
unexpected early started rainfall in the rainy season with high intensity of storm series.
The inundation caused by flood has brought the huge loss and damage of lives and
economics. On the contrary in year 1993 and 2005, Thailand also experienced the
extreme drought in most part of the country; it caused damage widely in agricultural
area. Improving the reservoir operation to manage water effectively and cope with
future flood event has become an important approach and strategy for short term

flood control proposed by the government.

Based on the mentioned reasons, the study on the adaptive reservoir
operation to respond to future climate change using long term data was conducted.
The objectives are to project the future climate, evaluate the change on hydrological
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CHAPTER |
INTRODUCTION

Normally, reservoir operation needs to follow the reservoir rule curve,
which attempts to store water no less than dead storage at the minimum level. On
the other hand, the storage should not be over than the spillway level for the
purpose of dam safety. In general, the dam will store water in the wet season for
using in the dry season.

The adaptive reservoir operation system in this study was developed
to respond to the impact of climate change. The objective of adaptive reservoir
operation is to mitigate the water shortage and flood downstream. The adaptive
reservoir operation was developed by carrying out change evaluation on climate and
hydrological variables, and an impact assessment on the existing reservoir operation
and adaptive reservoir operation system development. The system is comprised of
the reservoir operation module, the release decision-making module, the water

demand decision module and the water network balance module.

1.1 Background and problems

Thailand is located on the southeastern region of the Asia
mainland, and area that is facing the impacts from climate change, largely
including a rise in sea level, shifts in the climatic zone, and the frequent
occurrence of extreme events such as droughts and floods. Recently, the global
climate change has affected changes in rainfall, runoff and water demand on
both the regional and local scale in Thailand. The flood and drought phenomena
tend to be of high severity and frequency (Koontanakulvong, 2011). In Thailand,
climate change has been also seen to have a significant impact on the
hydrological processes and characteristics of the main river basin, especially in
terms of rainfall patterns and runoff changes in recent years (Hunukumbura and
Tachikawa, 2012). In 2011, Thailand experienced a severe flood in the Lower

Chao Phraya River Basin due to the unexpected early start rainfall in the rainy



season, followed by a series of intense storms. The inundation caused by the
flood brought about huge losses and damage to people’s lives and to the

economy.

The change in climate has also directly affected the hydrological
and reservoir operations and water management in the basin scale in Thailand.
Most of the reservoirs in Thailand are multipurpose, including flood control,
hydropower generation, water supply, navigation, restoration, etc. However, in
many cases, the purposes of flood control and hydropower generation are
regarded as the most important in the determination of the control strategies for
reservoirs. The changing rainfall in the upper watershed has brought changes to
the inflow to the reservoirs. The reservoir operations may not be responding to
the practical approaches of the past, and it can be expected that the
management of reservoir operations in the future will be more difficult due to
the risk of natural disasters and the uncertainty of climate change. Thus it is
necessary to emphasize that reservoir operation rules should be soundly adapted

to global climate change as well as to the economic activities in the river basin.

In recent years, the operation of the main dams in the Chao
Phraya River basin were affected by flood events, such as the damages in 2011
and some years of the drought as in 2005, which caused a water supply shortage
for the agricultural, domestic and industrial sectors (Chaowiwat and
Koontanakulvong, 2010). Hence, in order to cope with flood and drought, the
sustainable water operations in the basin should be determined by taking the
local climatic fluctuations into consideration. In 2011, the worst flooding
worldwide in terms of economic losses happened from 1900 to 2012 in Thailand
(EM-DAT, 2012), particularly in the Chao Phraya (CP) River Basin. The geographic
location and characteristics of the CP River Basin make it prone to flooding.
Disasters are said to be mainly caused by occurrence of several intense rainfalls
(Komori et al, 2012). Although the flood disasters were mainly caused by
extreme precipitation, other dimensions of flood disasters such as reservoir
operations should not be ignored. Around October 2011, for example, several

local news sources (Bangkok Post, 2011) pointed out that too much water was



being released from the big dams upstream, while flooding was already occurring
downstream. The main issue revolves around not reducing the dam storage to a
low level because of fears of running out of water for the next dry season. It is
important to note that Thailand is an agricultural country which makes it sensitive
to droughts. The difficulty in flood risk management in this case arises from
conflicts in the storage of water for agricultural purposes for the upcoming dry

season.

The dam operations for the allocation of water resources have a
propose to meet the spatial and temporal water demand. A decision-making
procedure is needed so that reservoir operations can balance the demand and
supply for optimal social, economic, and environmental benefits. Water
regulations are usually suided by operating rule curves which are defined by rules
that indicate a target storage level during different months. The efficiency of a
reservoir system is enhanced by improved reservoir operating approaches
developed based on a complex optimization technique. However, the
development of an adaptive dam operation which bases on the storage
condition is a challenging task. A variety of different modeling approaches exist.
Traditionally, optimization and simulation techniques are applied to derive
operating policies and rules. Thus, it would be valuable to establish an analytic
and more systematic approach to dam operations by considering the long-term
perspective in order to increase the reservoir’s efficiency for balancing the
demands from different users and to meet the requirements for both flood and
drought mitigation under the uncertainty of climate and environment change
conditions. The above reasons lead to other research issues, for example the

adjustment of existing reservoir operations to respond to climate change.

The study components of the adaptation of reservoir operations
include the following: 1) present and future GCM climate data preparation for
hydrological input variables; 2) inflow and runoff estimation; 3) a water demand
decision-making module; 4) ANFIS* reservoir operation decision-making rules; 5)
an adaptive reservoir operation model; 6) a water network balance model as

illustrated in Figure 1.1. Figure 1.1 shows the input and out variables that are



related to the module and models. For example, the inflow and runoff

estimation process used rainfall as the input variable to simulate the inflow and

lateral flow. The water demand decision-making module used the water demand

rate and storage at the end of previous season as the input variables while this

module will provides the output variable as the water demand. The ANFIS*

reservoir operation decision-making rules used antecedent storage (Si4), inflow,

lateral flow, rainfall downstream, and water demand as the input variables for

deciding the release. The adaptive reservoir operation model used inflow, the

rainfall over the reservoir area, and release as the input variables to analyze the

reservoir water balance. The water network balance model used the release and

water demand as the input variables for calculating the water shortage and

runoff downstream.
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Figure 1.1 The adaptive reservoir operation study components

1.2 Objectives

The specific objectives of the study are:

a) To project the future climate on the Nan River Basin from the bias corrected

output of the Global General Circulation Model




b) To evaluate the changes in the hydrological variables
c) To assess the impact of climate change on existing reservoir operations
d) To develop an adaptive reservoir operation system and rules under the

climate change conditions

1.3 Research approach and scope
1.3.1 Research approach

To respond to the study objectives, the study was accomplished
by adopting the framework as shown in Figure 1-2. This study of the 5 parts
included the collecting GCM climate data, the bias correction of GCM rainfall,
the change in the hydrological variables, the impact assessment of climate
change on the existing reservoir operations and the adaptive reservoir operations
as shown in Figure 1-2.

The GCM dataset after bias correction is used for the impact
assessment and adaptive reservoir operation system application. The developed
adaptive system applied in the impact assessment phase to investigate the
advantage of the system to reduce the flood and shortage. In the additional, the
adaptive system also applied to the adaption plan to see the effectiveness of the
system in the adaptation of climate change.

Regarding the bias correction of GCM rainfall and changes in the
hydrological variables, it includes a suitable GCM selection and bias correction
method selection. First, a suitable GCM was selected based on its ability to
simulate the present climate in a better way when compared with the observed
data. The GCM which collected from IPCC distribution center included CCSR
model, CSIRO model, ECHAM4/OPYC3 model, GFDL model, HadCM3 model,
CCCma3 model and MRI AGCM model. Hence, the MRI GCM SRES scenario A1B,
which yields better results and has moderate increasing of emission rate, were
used to apply to the bias correction selection method. Second, regarding the bias
correction method selection, it was applied to correct the bias of the GCM data.
These methods included Gamma-gamma (GG) transformation, the hybrid method,

the standard deviation ratio method, and the modified rescaling method.



Furthermore, the evaluation of bias correction methods on precipitation can be
compared with the statistical characteristics such as maximum, minimum, mean,
and standard deviation.

Regarding the evaluation of the changes in the hydrological
variables, they can be separated into the future climate and water demand
projection groups and the future runoff estimation group. The future climate and
water demand projection groups include rainfall, maximum, minimum, and mean
temperature and evapotranspiration. Hence, the evapotranspiration was
calculated using the  Penman-Monteith  equation.  Therefore, the
evapotranspiration was used to calculate the water demand rate under the GCM
climate condition. For the future runoff estimation group, the runoff was
simulated using the HEC-HMS rainfall-runoff model, which uses the bias-corrected
rainfall as the input variable data. The bias correction of the GCM rainfall and
changes in the hydrological variables are presented in Chapter 5.

Regarding the impact assessment of the existing reservoir
operations, the reservoir operation model included 4 developing parts: 1) the
reservoir operation model (main part); 2) the water demand decision-making
module; 3) the water network balance model; and 4) the release rule module.
Therefore, the impact on the existing reservoir operation was assessed by
simulating the general and flood reservoir operations with present, near, and far
future input hydrological variables. Furthermore, the statistic inference of the
model results, which included reservoir water balance, spillage, water shortage
and runoff at the downstream, were compared. The impact assessment of
climate change on the existing reservoir operations is presented in Chapter 6.

Adaptive reservoir operation is a process to improve the
effectiveness of existing reservoir operation affected from the climate change.
The reservoir operations development included: 1) adaptive neurofuzzy inference
system (ANFIS) release rule formulation; 2) ANFIS reservoir operation model
development and capability exploration; 3) ANFIS reservoir operation
modification (called ANFIS*); 4) ANFIS* reservoir operation simulation with

present, near and far future input hydrological variables; and 5) the adaptive



effectiveness of ANFIS* reservoir operations was evaluated by comparing the
existing and ANFIS* reservoir operations under GCM climate conditions by
investigating flood and drought situation compared with present condition. The
adaptive reservoir operations under climate change conditions are presented in
Chapter 7.

This thesis also presents new components of reservoir operations
which added decision-making modules, such as the adaptive reservoir operation
rule and water demand decision-making module. The adaptive reservoir
operation also provides alternative release rules for reservoir operators. The
reservoir can thus be regulated in a practical way by using the release — storage
ratio (see details in Chapter 7.7 and Appendix D). Furthermore this reservoir
operation model can be used as a guideline to operate the reservoir on a

monthly basis.
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Figure 1.2 Schematic representation of the study framework



1.3.2 Research scope
1.3.2.1 Scope

The scope of this research includes:

1) The bias correction of GCM rainfall and change in the
hydrological variables comprises 2 parts: first, the bias correction of GCM
rainfall includes GCM selection and a comparative study of the bias
correction of GCM rainfall methods. The mean GCM data selection was
used to compare the simulating ability of the GCM data, while the
comparative study of the bias correction of the GCM rainfall methods
evaluated the performance of different bias correction, such as the Gamma-
gamma (GG) transformation, hybrid method, standard deviation ratio
method, and the modified rescaling method. Second, the change in the
hydrological variables was used to evaluate the climate and runoff change
under GCM climate conditions. The bias corrected GCM climate data were
analyzed from the hybrid bias correction method. Thus, the runoff was
estimated by using the HEC-HMS rainfall-runoff model with the parameter

estimation method.

2) The impact assessment of climate change on the existing
reservoir operations included the general and flood reservoir operation
development and assessed the impact under GCM hydrological input
variables. The existing reservoir operation development includes: 1) the
reservoir operation model (main part), which is based on the reservoir water
balance equation; 2) the water demand decision-making module, which
used the decision tree classification method; 3) the water network balance
model, which is based on the water network balance equation; and 4) the
release rule module, which is based on the release—effective storage ratio

and the decision tree classification method.

3) The adaptive reservoir operation under climate change
condition includes ANFIS reservoir operation development, ANFIS* reservoir
operation development and the effectiveness of ANFIS* reservoir operation
evaluation. The evaluation of effectiveness of reservoir operations used the
hydrological data in 1987 — 2012. The adaptive neurofuzzy inference system
(ANFIS) method was adopted to develop the release rules by calibrating



and verifying the rules with the actual reservoir operation. To improve the
effectiveness of reservoir operation, the ANFIS reservoir operation model
was modified by using the results of the adjusting general release rule as

the input variables.

1.3.2.2 Study area

The study area of this thesis is Sirikit Dam and Nan River
Basin, and the concerned areas are Ping River Basin which includes
Bhumibol Dam, and the Wang and Yom River Basin, which concerned as the
lateral flow in the water network balance model. The details of the study

and concern area are discussed in Chapter 2.

1.3.2.3 Time period

The time period for this thesis which was based on the GCM
data period, included 3 periods: the present period (1979 - 2006), the near
future period (2015 - 2039) and the far future period (2075 — 2099).

1.3.2.4 Content

The content of this thesis is composed of 8 chapters, with

the details of each chapter as follows:

Chapter |, introduction, includes the background and
problems, objectives, research approach and scope, and study procedures

and outcome expected.

Chapter Il includes the characteristic of the study area such
as boundary and location, topography, meteorology and hydrology, land
use, irrigation development projects, agriculture, existing water usage, flood

problems, and existing water management.

Chapter Il is comprised of the literature review and includes
GCM selection, bias correction of GCM climate and precipitation, rainfall-
runoff estimation, and decision-making analysis for water management and

reservoir operations.

Chapter IV discusses theories and procedures, including the

procedures of the bias correction of GCM rainfall such as the Gamma-
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gamma (GG) transformation, the hybrid method, the SD ratio method and
the modified rescaling method, the change evaluation of the hydrological
variables, the impact assessment of the existing reservoir operations and

adaptive reservoir operation development.

Chapter V is a discussion of the bias correction of GCM and
changes in the variables, including an introduction, GCM selection, a
comparative study of the bias correction method, trends in climate and
rainfall change, trends of water demand changes, trends of runoff changes

and a summary of the changes in the hydrological variables.

Chapter VI focuses on the impact assessment of existing
reservoir operations, including the impact assessment of the general and
flood reservoir operations, the Plaichumphol Irrigation Project, and a

summary of the changes in the hydrological variables.

Chapter VII includes a discussion of adaptive reservoir
operations, including adaptive reservoir operation development, ANFIS
reservoir operation components, ANFIS* reservoir operation processes, and
the results and discussion that include the model calibration and
verification and the effectiveness of ANFIS* reservoir operation evaluation,
proposed reservoir operation rule curves, and a summary of adaptive

reservoir operations.

Chapter VIl included the conclusions and recommendations
from the study, including a conclusion for each chapter and

recommendations for practical water management and future research.

1.4 Study procedures

This study is composed of 3 main components: the bias correction of
GCM rainfall and changes in the hydrological variables, the impact on existing
reservoir operations, and adaptive reservoir operations. The details of these

components are as follow:
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1.4.1 The bias correction of GCM rainfall and changes in the hydrological

variables

1.4.1

data

.1 The bias correction of GCM rainfall

The following procedures were followed: 1) collect the climate

from meteorological stations and GCM climate data from [PCC

Distribution Center; 2) select a suitable GCM data; 3) correct the bias of

GCM

data from the different bias correction methods such as Gamma-

Gamma transformation, hybrid method, standard deviation (SD) method

and

modified rescale method; 4) test the performance of the bias

correcting methods by using the statistical parameters; and 5) summarize

the results of the projected and bias corrected climate data for generating

a runoff in the next procedure.

1.4.1.

2 The changes on hydrological variables

1.4.1.1.2 Change on climate and water demand

The following procedures were followed: 1) collect the
observed and GCM data include maximum, minimum and mean
temperature, relative humidity and rainfall; 2) apply the hybrid bias
correction method to the GCM climate data in the present, near, and
far future; 3) estimate the water demand unit by estimating the
evapotranspiration using the Penman-Montein method in the
Phitsanulok and Chao Phraya Irrigation Projects; 4) evaluate the
changes in the climate and water demand by comparing the future

period results with present period results.
1.4.1.1.3 Change on runoff (inflow and sideflow)

The following procedures were followed: 1) collect the runoff
data from the runoff gauge stations and the related input parameters

of rainfall-runoff model; 2) simulate the runoff the present and future
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runoff by using rainfall-runoff model; and 3) evaluate the changes in
the runoff by comparing the future period results with the present

period results.
1.4.2 The impact on the existing reservoir operation

The following procedures were followed: 1) collect and enter the
input variables into the reservoir operation model; 2) collect the historical
cultivated area and basic information for water demand estimation; 3)
develop a reservoir operation model based on the reservoir water balance
equation; 4) develop a water demand decision-making module; 5) develop a
water network balance model and integrate this model with the reservoir
operation model; 6) develop release rules as a water release decision
module by calculating the release—effective storage ratio for general and
flood control operation; 7) apply the general and flood release rules to the
reservoir operation model; and 8) assess the impact of climate change on
the reservoir water balance, water shortage, spillage, and accumulative

runoff downstream under general and flood control dam operations.
1.4.3 Adaptive reservoir operations

The following procedures were followed: 1) formulate adaptive
neurofuzzy inference system (ANFIS) release rules by calibrating and verifying
the release rule with the actual dam operation; 2) develop an ANFIS resevoir
operation model by integrating the ANFIS water release decision making
rules, the water demand decision-making module, the reservoir operation
model and the water network balance module; 3) explore the capability of
ANFIS reservoir operations (see Appendix D.2.4); 4) modify the ANFIS reservoir
operation model (call ANFIS*) and calibrate for suitable membership
functions by adjusting general dam operations to minimize water deficit and
spillage; 5) apply the ANFIS* dam operations (see Appendix D.2.5) by using
the GCM hydrological input variables; and 6) Compare and conclude the
adaptive effectiveness of ANFIS* dam operations under GCM climate

conditions.
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1.5 Study outcomes

1) Understand the changes and impacts of climate on the hydrological

processes in the Nan River Basin in the present and future.

2) Achieve an adaptive (ANFIS) reservoir operation system by coping water

demand decision-making module and reservoir operation model.

3) Achieve adaptive (ANFIS) reservoir operation rules while reducing water

shortages and floods.



CHAPTER Il
STUDY AREA

2.1 Study area

The boundary of the study area mostly covers the main Nan River
Basin. The Sirikit Dam was selected as the case study for the adaptive dam
operation. Although the Sirikit Dam supplies some water to the irrigated area in
the Nan River Basin as the main area, some water has to be allocated to Chao
Phraya lIrrigation Project also. As a result, this study considered Bhumibol dam
operations conjunctively with the Sirikit Dam operations as the area of concern,
as shown in Figure 2.1. The related lateral flows or sideflows from the other main
basins are considered as one of the components for the study of the water
balance of Chao Phraya River Basin, and the lateral flow is considered at the
runoff stations located at the outlet of the basin, as shown in Figure 2.1. Hence,
the Great Chao Phraya River Basin includes the Ping River Basin, the Wang River
Basin, the Yom River Basin, the Sakaekang River Basin, the Upper Chao Phraya
River Basin and Nan River Basin. For the Ping River Basin, the inflow of Bhumibol
Dam and the runoff from the Lower Ping River Basin are considered as the input
variables. The sideflow of the Ping River Basin was set up at runoff station P.17 at
Ban Tha Ngiu as the control point. For the Wang River Basin, the runoff of Wang
River Basin was considered as the input variable. The sideflow of Wang River
Basin was set up at runoff station W.4A at Ban Wang Man as the control point.
For the Yom River Basin, the runoff of the Yom River Basin was considered as the
input variable also. The sideflow of the Yom River Basin was set up at runoff
station Y.17 at Ban Sam Ngam as the control point. Furthermore the Chao Phraya
Irrigation Project was considered for the study of the irrigated water demand of
Bhumibol and Sirikit Dam as shown in Figure 2.1. Thus, this study focused on the
Nan River Basin as the main study area, so the information about the Nan River
Basin was studied in more detail, and the Ping, Wang and Yom River Basin were

considered as the area of concern.
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Figure 2.1 Study area

2.2 Topography

The Nan River Basin is located in the northern region of Thailand in
a total catchment area of 34,330 square kilometers, and it originates from Kao
Luang Prabang mountain, which is on the border line between Thailand and the
Lao People's Democratic Republic, situated between Latitude 15° 42’ to Latitude
19° 37’ N and Longitude 99° 51’ to Longitude 101° 21° E. Its total length is about
770 Km”. The flow direction is from north to south though Uttaradit, Phitsanulok,
Phichit and Nakhon Sawan joins with the Ping River Basin at Pak Nam Pho,
Nakhon Sawan province. The Nan River joins the Yom River in Chum Saeng

district, Nakhon Sawan Province.

The topography of the Nan River Basin seems as the feather
feature, it is narrow and tapering. The topography is higsh mountain range, the
height of the riverside area is about 220 m MSL, and the average slope is about
1:480 in Thung Chang and Cheang Klang Districts. The Nan River flows into the flat

plain and valley in Wiang Sa District, Nan Province. There are many streams flow
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together, such as Nam Wa, Nam Yao and Nam Heang, etc. This area is highland,
and the attitude from sea level is about 180 — 220 m MSL and the slope is about
1:3,500. After that the Nan River flows though Wiang Sa District passing the valley
to Sirikit Dam, and the slope decreases to 1:5,300 before flowing though the
Lower Nan River Basin. The characteristic of the Nan River Basin is that it is a
mountainous area in the eastern part and tilts in the western part, which is a
wide flat plain. From the lower Naraesuan diversion dam downward toward
Nakhon Sawan Province, the average height is about 27 m MSL, and the slope

decreases to about 1:13,600 (RID, 2005).

The boundary of the Nan River Basin covers the area of 6
provinces divided into 16 sub-river basins, as shown in Figure 2.1. The Nan River
Basin is the main water resource of the central region of Thailand, and Sirikit Dam

which is the second greatest dam located in this river basin.

Table 2.1 Sub basin areas in Nan River Basin boundary

Sub basin code Sub basin name Area (Sg.Km) Proportion (%)
0902 Upper Nan River 2,224.77 6.52
0903 Huay Nam Yao (1) 863.54 2.53
0904 Nan River Section 2 1,449.68 4.25
0905 Nam Yao (2) 596.78 1.75
0906 Nam Samun 583.55 1.71
0907 Nam River Section 3 3,376.98 9.89
0908 Nam Sa 753.62 2.21
0909 Nam Wa 2,203.64 6.45
0910 Nam Haeng 1,045.03 3.06
0911 Nan River Section 4 2,7159.65 8.08
0912 Nam Pad 2,436.62 7.14
0913 Khlong Tron 1,266.50 3.71
0914 Khwae Noi River 4,483.13 13.13
0915 Nam Pak 968.91 2.84
0916 Wang Thong River 1,999.06 5.86
0917 Lower Nan River 7,128.22 20.88

Total 34,139.68 100
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2.3 Meteorology and hydrology

2.3.1 Meteorology

The meteorology in this study was analyzed at the meteorological
stations located in the basin area and vicinity, including Tha Wang Pla station,

Nan station, Uttaradit station, and Phitsanulok and Nakhon Sawan stations (shown

in Figure. 2-2).

The main climate data included temperature 252 - 28.2 °C,
relative humidity 70.4 - 79.8 % , cloud cover 5.1 - 5.6, wind speed 0.6 — 3.0 knot,
pan evaporation 1,2445 - 2018.0 mm and Modified Penman reference
evapotranspiration 1,588.6 — 1,935.9 mm (as shown in Table 2.2). The monthly
mean climate was averaged from the monthly climate data of the meteorological
stations in Nan River Basin (shown in Figure 2.3). The monthly mean climate
included maximum temperature, minimum temperature, mean temperature,

relative humidity, evaporation, dew point, cloud cover and wind velocity.

Table 2.2 Summary of annual mean climate data in Nan River Basin

Climate data Unit Annual range Annual mean
Temperature °c 25.2 - 28.2 26.8
Relative humidity % 70.4 -79.8 74
Wind velocity Knot 0.6 - 3.0 1.3
Cloud cover 0-10 51-56 5.4
Pan Evaporation mm/year 1,244 - 2,018.0 1,596.3
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Figure 2.3 Monthly mean climate of Nan River Basin
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2.3.2 Rainfall

The rainfall data from 64 rainfall gauge stations were used to
analyze the average annual rainfall in the Nan River Basin and its vicinity area and
varied between 1,159 - 1,491 mm/year, the maximum average annual rainfall
depth was 1,491 mm/year in Huay Nam Yao (1) sub basin. The monthly rainfall of
the Nan River sub basin was analyzed by using the theissen polygon averaging
method as shown in Table 2.3. The monthly mean rainfall in the Nan River Basin
was analyzed and is shown in Figure 2.4. The overall average annual rainfall for
the Nan River Basin is 1,267.7 mm/year separated in wet season 1,113.9 mm and
dry season 153.8 mm. The distribution of rainfall stations is shown in Figure 2.5,
and the details of the rainfall stations are shown in Table A.1. The high intensity
of annual rainfall, mostly distributed in the Upper Nan River Basin and Huay Nam

Yao(1), has an amount of rainfall over 1,500 mm/year (as shown in Figure 2.5).

Table 2.3 Monthly rainfall in Nan River Basin

Sub Monthly rainfall, mm/month Wet Dry Annual
basin

code Apr May Jun Jul Aug Sep Oct Nov | Dec | Jan | Feb | Mar (mm) (mm) (mm)
0902 929 | 1754 1718 | 267.8 2934 | 2089 88.9 254 | 106 | 44 | 108 | 339 | 1,206.3 | 178.0 | 1,384.2
0903 985 | 199.6 1977 | 2923 308.7 215.7 927 213 | 9.6 5.8 9.5 | 34.1 | 1,306.6 | 184.7 | 1,491.4
0904 91.6 | 1794 1578 | 2171 269.9 205.2 74.6 224 | 86 3.6 | 10.1 | 30.7 | 1,104.0 | 167.0 | 1,270.9
0905 83.0 | 170.7 166.1 2302 | 2745 207.0 81.6 228 | 83 34 | 94 | 310 | 1,130.0 | 1579 | 1,287.9
0906 98.6 | 185.1 150.0 | 215.0 282.1 203.8 69.6 240 | 9.1 3.6 | 104 | 31.6 | 1,1055 | 177.3 | 1,282.8
0907 79.9 | 186.0 158.3 1654 | 217.8 217.0 87.7 19.2 | 5.7 3.6 | 105 | 260 | 1,032.2 | 1448 | 1,177.0
0908 91.2 | 1839 1483 180.1 2382 197.3 68.3 192 | 79 33 | 11.5 | 283 | 1,016.0 | 1614 | 1,1775
0909 76.5 | 170.8 165.4 | 2149 261.0 215.1 84.3 19.1 | 5.8 30 | 9.8 | 278 | 1,111.6 | 1420 | 1,253.6
0910 76.6 179.5 133.9 144.9 192.7 206.8 88.6 18.7 6.0 33 103 | 26.2 946.4 141.0 | 1,087.5
0911 65.8 206.2 176.9 165.4 231.6 236.3 98.1 23.6 5.0 3.6 9.3 215 | 1,114.6 | 1288 | 1,243.5
0912 78.1 182.4 159.8 159.2 207.1 225.6 87.7 15.0 4.0 34 9.1 28.1 1,021.8 | 137.6 | 1,159.3
0913 71.4 196.3 165.8 160.5 219.2 238.2 103.5 22.3 5.6 4.6 6.6 209 | 1,0835 | 131.4 | 1,2148
0914 75.1 196.2 195.4 198.0 239.8 249.1 117.1 21.1 4.9 43 12.4 | 337 | 1,1955 | 1515 | 1,347.0
0915 75.6 195.4 196.1 196.3 2454 260.6 110.8 21.7 4.2 35 105 | 259 | 1,204.6 | 1414 | 1,345.9
0916 87.8 207.0 185.2 176.9 222.2 255.6 124.5 26.2 5.8 54 145 | 388 | 1,171.3 | 1785 | 1,349.8
0917 64.2 167.1 163.6 163.2 2109 248.0 119.8 24.6 3.7 39 120 | 29.1 1,072.6 | 137.5 | 1,210.1
Total 81.7 186.3 168.3 196.7 244.7 224.4 93.6 22.0 6.6 39 104 | 29.2 | 1,113.9 | 1538 | 1,267.7

Remark : The sub basin code was referred in Table 2-1.
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2.3.3 Runoff

The runoff data from 27 runoff gauge stations were used to
analyze the monthly runoff by using the area proportion method and the
location of the runoff gauge stations is shown in Figure 2.6. The mean annual
runoff in the Nan river basin is 12,017 MCM/year separate in wet season 9,228
MCM and dry season 2,789 MCM and the average annual specific yield is 11.16
/sg.km. The monthly runoff was reviewed from the Thailand Research Fund
study and the results are shown in Table 2.4 (TRF, 2010). The Pad Sub-River basin
has a low figure of 5.01 liter/sg.km, and the Wa Sub-River Basin has the highest
figure of 27.26 /sq.km. The runoff yield was analyzed from the runoff gauge
stations and revealed that Huay Nam Yao(l) gives the highest runoff yield
according to rainfall intensity (shown in Figure 2.5). The details of the runoff

gauge stations are shown in Figure 2.7 and Table A.2.

Table 2.4 Monthly runoff in Nan River Basin (year 1979 - 2008)

Sub 3 Specify
Monthly runoff, Mm*/month Wet Dry Annual )
basin yield
code | Apr | May | Jun | Jul Aug Sep Oct | Nov | Dec | Jan | Feb | Mar | (Mm) | (Mm®) | (Mm®) | (USec/km®)
0902 15 46 85 231 463 360 142 67 39 25 15 13 1,328 173 1,501 21.39
0903 4 14 25 68 135 105 41 20 12 7 4 4 388 51 439 16.10
0904 6 16 33 89 175 148 54 24 14 9 6 5 515 63 578 12.65
0905 2 5 10 27 53 45 16 7 3 2 2 156 19 175 9.29
0906 2 5 10 26 51 43 16 7 4 3 2 2 151 19 170 9.22
0907 9 34 48 73 140 202 74 18 8 4 2 3 571 43 614 5.76
0908 2 7 14 37 72 61 22 10 6 4 2 2 213 26 239 10.07
0909 32 58 116 324 521 406 190 90 57 43 31 28 1,615 280 1,895 21.26
0910 3 13 11 11 44 57 25 11 3 3 2 3 159 26 185 5.61
0911 80 75 60 52 83 114 48 a4 36 39 63 82 433 345 778 8.94
0912 6 22 30 46 88 127 a7 11 5 2 1 2 358 27 385 5.01
0913 a4 14 23 30 66 108 51 16 7 5 4 4 293 38 331 8.29
0914 | 143 | 134 | 107 93 148 204 86 79 65 70 113 | 146 773 615 1,388 9.81
0915 37 35 28 24 39 53 23 21 17 18 30 38 202 161 363 11.86
0916 70 66 53 46 73 100 42 39 32 35 56 72 381 303 684 10.85
0917 | 106 | 126 | 146 195 391 533 302 141 96 69 83 106 | 1,693 601 2,294 10.20
Total | 520 | 669 | 800 | 1,371 | 2,541 | 2,666 | 1,180 | 602 | 404 | 338 | 415 | 511 | 9,228 | 2,789 | 12,017 11.16

Remark : The sub basin code was referred in Table 2.1.
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2.4 Land use

The land use map for 2005 was compiled by the Land
Development Department (LDD). The land use of the Nan River Basin can be
classified into 5 classes as shown in Table 2.5 and Figure 2.6. The present land
use area in 2005 which can be classified into 5 major groups, is: agriculture
(47.95%), urban and built-up land (2.20), water body (1.40%), forest land (46.30),
and miscellaneous land (2.15%). The agricultural land utilization is mainly located
in the Low Nan River Basin with coverage of 35% of the total agricultural area.

The land use of the Nan River Basin is summarized in Table 2.5.

Table 2.5 Summary of land use in Nan River Basin in year 2005

Sub Sub basin name Agriculture Urban and Water Forest land | Miscellaneous Total

basin (Km?) Built-up land body (Km?) land (Km”) Area

code (Km?) (Km?) (Km?)
902 Upper Nan River 941.83 26.24 597 1,208.78 24.26 2,207.08
903 Huay Nam Yao (1) 188.84 3.19 0.94 449.77 217.71 860.46
904 Nan River Section 2 612.68 37.31 11.05 745.84 93.48 1,500.36
905 Nam Yao (2) 226.21 4.10 191 331.29 37.95 601.46
906 Nam Samun 206.77 9.56 0.32 393.57 8.48 618.70
907 Nam River Section 3 483.70 16.37 233.30 2,615.97 11.95 3,361.29
908 Nam Sa 111.17 3.17 2.79 610.01 19.97 747.11
909 Nam Wa 595.23 3.02 8.75 1,564.43 4.62 2,176.05
910 Nam Haeng 408.79 9.50 1.48 609.94 10.43 1,040.15
911 Nan River Section 4 1,835.21 182.96 84.69 517.28 12.82 2,632.96
912 Nam Pad 737.92 21.99 5.84 1,682.23 5.72 2,453.70
913 Khlong Tron 663.90 2232 4.26 573.59 4.29 1,268.36
914 Khwae Noi River 2,512.27 49.12 25.18 1,865.36 12.07 4,463.99
915 Nam Pak 152.98 4.92 0.02 829.20 1.75 988.87
916 Wang Thong River 945.24 29.12 10.78 953.89 138.35 2,077.37
917 Lower Nan River 5,695.94 327.18 78.53 803.60 126.53 7,031.78
Total 16,318.69 750.07 475.83 15,754.75 730.36 | 34,029.70
%Proportion 47.95 2.20 1.40 46.30 2.15 100.00
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2.5 Irrigation development projects

The irrigation database was compiled by the RID in 2011 (RID,
2011). The water resource development projects undertaken in the Nan River
Basin included large-, medium-, and small-scale projects. Furthermore, the
pumping irrigation is regulated by the local authorities. The large-scale project is
the Phitsanulok Irrigation Development Project, which received water from Sirikit
Dam with a coverage area of 659,876 rais. (Note: 1 rai = 0.16 Hectare) This project
includes the Naraesuan Dam O&M project (94,000 rais), the Plaichumbol O&W
project (211,476 rais), the Dongsatti O&M project (186,000 rais), and the Thabua
O&M project (168,400 rais). Concerning medium-scale water resource projects,
there are 16 projects with a total combined active storage of 90.5 million m’ and
a total irrigated area of 229,650 rais. For the small-scale projects, there are 375

projects that have a total combined storage of 90.52 million m’ and a total
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irricated area of 329,646 rais. Of the pumping irrication projects, there are 299

projects with an irrigated area of 389,010 rais. A summary of the irrigation projects

is shown in Table 2.6.

Table 2.6 Summary of number and area of irrigation projects in Nan River basin

Sub Sub basin name Medium Small Pumping
basin Number Area Number Area Number Area
code (projects) (rais) (projects) (rais) (projects) (rais)
902 Upper Nan River 4 21,000 a7 37,820 10 3,220
903 Huay Nam Yao (1) - - 9 4,750 -
904 Nan River Section 2 2 5,500 59 42,800 42 11,810
905 Nam Yao (2) - - 11 11,300 -
906 Nam Samun 1 10,000 20 11,390 1 180
907 Nam River Section 3 - - 16 8,320 5 3,450
908 Nam Sa 1 11,000 8 1,200 -
909 Nam Wa 41 15,430 -
910 Nam Haeng - - 12 13,700 -
911 Nan River Section 4 3 82,400 39 77,469 90 169,370
912 Nam Pad 1 1,750 a7 29,117 8 10,030
913 Khlong Tron - S 9 9,750 8 10,500
914 Khwae Noi River 25 18,650 a4 60,670
915 Nam Pak - 2 1,500 3 1,500
916 Wang Thong River = ¢ 6 5,150 29 28,500
917 Lower Nan River q 98,000 24 41,300 59 89,780
Total 16 229,650 375 329,646 299 389,010

Remark : The number and area of irrigation projects were compiled from RID database year 2011

2.6 Agriculture

2.6.1 Agriculture and cultivated area

The information of cultivated area of the Phisanulok Irrigation

Project (PSK) and the Chao Phraya Irrigation Project (CP) were collected from RIO3
(year 1979 — 2008) and RID (year 2007). The total coverage area of the PSK and

CP Projects is 666,400 rais and 7,542,822 rais, respectively. The agriculture area in

the Phisanulok Irrigation Project included major rice, second rice, soy bean, garlic,

peanut, maize, cassava, and sugarcane. The Chao Phraya Irrigation Project

included major rice, second rice, sugarcane, fruit, perennial plants, fishing ponds,
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crops and vegetables. The cultivated area of the PSK and CP Projects is shown in

Table 2.8 and Table 2.9.

Table 2.7 Summary of the cultivated area of Phisanulok Irrigation Project

Irriagtion project District Province Wet (rais) Dry (rais)
Rice Crop Rice Crop
1. Naraesuen Dam O&M Project Phrom Phiram Phisanulok 79,768 59 72,773 763
2. Plaichumpol O&M Project
2.1 Plaichumpol O&M Project Maung Phisanulok Phisanulok 169,862 0 159,009 a7
2.2 Plaichumpol O&M Project Muang Phichit Phichit 18,859 29,420 24,871 29,467
3. Dong Setti O&M Project Muang Phichit Phichit 162,614 0 164,167 509
4. Tha Bua O&M Project
4.1 Tha Bua O&M Project Pho Talae Phichit 118,447 0 150,424 266
4.2 Tha Bua O&M Project Muang Nakhon Sawan Nakhon Sawan 5,091 0 9,579 36
Total 554,640 29,479 580,823 31,087
Table 2.8 Summary of the cultivated area of Chao Phraya Irrigation Project
Project area Irrigation Average cultivated area Percentage of pLant'\ngl/
Area (rais)
Wet Dry Wet Dry Total
(rais) (rais) Rice Perennial Rice Crop Vegetable Wet Dry
Upper East Bank 1,392,874 1,337,300 265,665 98.2 1.8 17.7 2.6 0.3 100.0 224
Lower East Bank 2,514,240 1,960,677 945,771 85.7 14.2 29.1 0.3 0.2 100.0 439
Upper West Bank 2,157,782 1,981,733 1,003,896 923, 7.8 40.9 1.2 0.2 100.0 49.9
Lower West Bank 1,477,926 1,148,221 978,851 96.9 31 358 0.5 5.7 100.0 40.8
Overall Sum 7,542,822 6,427,931 3,194,183 93.0 7.0 30.9 1.2 1.6 100.0 33.6

Remark : 1/ The percentage of planting area was calculated from the cultivated area devided by the average cultivated area in wet season

2/ Upper East Bank Irrigation Projects include Monorom, Chongkhae, Khok Kratheim, Khok Kratheim, Rueng Rang, Maha Ratcha

Lower East Bank Irrigation Projects include South Pasak, Tha Luang, North Rangsit, South Rangsit, Khlong Dan, Phra Ong Chaiya

Upper West Bank Irrigation Projects include Phola thep, Borom That, Chana Sut, Yang Mani , Pak Hai, Tha Bote, Sam Chuk, Pho Phraya,
Pholathep, Tha Bote, Don Chedi

Lower West Bank lrrigation Projects include Bang Bal, Pak Hai, Chao Chet-Bang Yeehon, Phraya Banlu, Phra Pimon, Phasi Charoen

2.6.2 Cropping pattern

The cropping patterns were reviewed by the Department of Water

Resources (DWR, 2005). In the Nan River Basin, the farmers mostly start to

cultivate major rice in the early May and harvest in the middle of November,

while they start to cultivate second rice in early-December and harvest in mid-

April. The cropping pattern in the Nan River Basin and the Lower Chao Phraya
River Basin is shown in Table 2.9 and Table 2.10.
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Table 2.9 The cropping pattern in irrigated area in Nan River basin (Phitsanulok

Irrigation Project)

Jan | Feb | Mar | Apr | May | Jun Jul | Aug | Sep | Oct | Nov | Dec

Second rice Major rice start May 1st /
[ [ I I |

Soy bean, peanut Wet crop /
| | | | | |

Table 2.10 The cropping pattern in irrigated area in Chao Phraya River basin

Jan | Feb | Mar | Apr | May | Jun Jul | Aug | Sep | Oct | Nov | Dec

Major rice start May 1st

] |

Second rice start December 1st

Dry crop start Dec 15th / Wet crop start June 15th -
| | | | | |

2.7 Existing water usage

The existing water usage was compiled and estimated from the
necessary information from the related government agencies. The main water
users included domestic, industrial and agricultural, respectively. A summary of

the water usage is shown in Table 2.11.
1) Domestic water usage

The domestic water usage was estimated from the population in
the Nan River Basin compiled from the Department of Provincial Administration
(DPA) in 2010 and the domestic water consumption rate. The total domestic
water usage is about 60.63 MCM/year, and the proportion of domestic water

usage is about 1.72% of total water usage.
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2) Industrial water usage

The industrial water usage was estimated from the registered
horse power of the factories from the Department of Industrial Works (DIW) in
2010 and the industrial water consumption rate. The total industrial water usage
is about 10.19 MCM/year and the proportion of industrial water usage is about

0.29% of total water usage.
3) Agriculture water usage

The agriculture water wusage was estimated from the
evapotranspiration, the crop coefficient, the cultivated area and the cropping
pattern. The agriculture water usage can be separated into 2 types of cultivated
area: the irrigated area and the rain-fed area. The irrigated area was collected
cultivated area data from Royal Irrigation Department (RID) database, while the
rain-fed area was collected cultivated area data from Office of Agricultural
Economic (OAE). The total agriculture water usage is about 3,454.38 MCM/year

and the proportion of agriculture water usage is about 98% of total water usage.

Table 2.11 Summary of water usage in Nan River Basin

Sub basin Sub basin name Water usage (MCM/year)
code Domestic Industrial Agriculture Total
902 Upper Nan River 2.48 0.10 72.13 74.71
903 Huay Nam Yao (1) 0.47 0.11 4.48 5.06
904 Nan River Section 2 4.03 0.04 71.34 75.41
905 Nam Yao (2) 0.35 0.01 10.75 11.11
906 Nam Samun 0.64 0.40 24.41 25.46
907 Nam River Section 3 1.34 0.04 24.05 25.44
908 Nam Sa 0.33 0.23 17.83 18.39
909 Nam Wa 0.77 0.01 20.60 21.38
910 Nam Haeng 0.75 0.01 17.59 18.35
911 Nan River Section 4 11.05 1.80 902.36 915.21
912 Nam Pad 1.01 0.03 73.44 74.48
913 Khlong Tron 0.95 0.20 50.27 51.42
914 Khwae Noi River 4.36 0.80 239.19 244.34
915 Nam Pak 0.45 0.01 8.24 8.70
916 Wang Thong River 242 0.38 102.21 105.01
917 Lower Nan River 29.22 6.02 1815.49 1850.73
Total 60.63 10.19 3454.38 3525.20
Propotion (%) 1.72 0.29 97.99 100.00

Remark : Water usage was calculated from the population, factory information and cultivated area in year 2010
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2.8 Flood problems

Regcarding the upper area of Sirikit Dam, the flooding damage in
the Nan river basin and downstream of the sub-river basin at Nan Municipality
were caused by a narrowing of the retaining wall and fast overland flood in flood
plain. These areas cultivated short-season agriculture crops. For lower area of
Sirikit Dam, the water flow usually does not spill over the river banks due to the
Sirikit Dam reservoir, which can absorb the flood volume from upstream.
However, floods usually take place on downstream of the sub-river basin, such as
at the Nam Pad, Khwae Noi, and Wang Thong rivers and downstream from the
Nan sub-river basin. Flood water usually inundates the lower part of the sub-river
basin which is a flood plain, and living areas such as Phitsanulok and Pichit
municipality or good agricultural areas when the water in the Nan River is at a
high level (RID, 2005). The result of the severity problem analysis shows that
Wang Thong and Lower Nan sub-river basins have the highest severe flood

problem level. Flooding in the Nan river basin is caused by the following:

a) Regarding the topography of the basin, the capacity of the Nan
River cannot carry over a high amount of runoff during the flooding period
because the upper part of the river channel at Muang Uttaradit (160 m river
width with capacity 5,000 m3/s) is wider than the lower part at Maung
Phitsanulok (127 m river width with a capacity of 1,500 m3/s).

b) High intensity rainfall at the upper and lower Nan River.

c) Flood water from the Yom River flowed crosses into the Nan

River through a diversion channel.

d) The inundation water of the low land could not drain through

the Lower Chao Phraya Basin because the floodplain retains the flooded water.

The flooded area in the Nan River Basin was estimated the
flooded area from the GISTDA’s satellite map as shown in Table 2.12 and Figure
2.9. Within the last 10 years, there were 6 flood events that caused the losses

and damage in the Nan River Basin. A huge flood event occurred in 2011, and the
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inundated area was about 3,952 sz. Mostly of the flooded area was in the
lower Nan River Sub-Basin, and the coverage area was about 68% of the total
flooded area. Furthermore, the inundated area was located on both sides of the

Nan River banks, covering Uttaradit Province through Nakhon Sawan Province.

Table 2.12 Summary of the flooded area in Nan River Basin

Sub basin Sub basin name Flooded area (Km?)
code
2006 2007 2008 2009 2010 2011
902 Upper Nan River 4.74 e 2.63 0.55 - 17.57
903 Huay Nam Yao (1) 0.14 = 0.75 0.85 - 1.71
904 Nan River Section 2 9.72 = 1.79 15.86 0.02 56.18
905 Nam Yao (2) 7 \ - - - 1.95
906 Nam Samun 1.36 3 - 0.86 - 11.25
907 Nam River Section 3 0.46 G - 215 0.16 9.44
908 Nam Sa 1.27 G 3 2.28 0.04 5.42
909 Nam Wa 3 . - 0.15 - 3.53
910 Nam Haeng 0.62 - e 0.29 - 3.50
911 Nan River Section 4 616.00 41.80 0.55 50.33 329.58 631.44
912 Nam Pad 3.03 : 3 - 5.58 17.61
913 Khlong Tron 46.45 0.63 - 5.20 8.66 54.38
914 Khwae Noi River 411.31 64.14 7.01 4.42 190.60 378.88
915 Nam Pak = = - - - 9.62
916 Wang Thong River 83.09 43.52 37.67 14.24 50.24 75.93
917 Lower Nan River 1,863.73 989.53 824.22 622.53 1,725.86 2,674.02
Total 3,041.91 1,139.61 874.62 719.69 2,310.73 3,952.45
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Figure 2.9 Flooded area in Nan River Basin

2.9 Existing water management
2.9.1 Existing reservoir operation

Sirikit Dam is a multi-purpose reservoir project. It is an earth dam

whose height is 113.6 m, with a crest level at 169 m MSL, and is located on the
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Nan River at Amphoe Thapla, Changwat Uttraradit. It was established in 1971,
with a reservoir capacity of 9,510 MCM, a watershed area of 13,086 sz, a normal
storage level at 162.0 m MSL, two tunnel spillways diameter of 11 m, a maximum
release of 3,250 ma/s, and an annual inflow of 6,695 Mm3. At present, the Sirikit
hydropower plant has installed 4 generators, with a capacity of 125 MW, for a
total of 500 MW, and generated electricity of 1,245 million KW/hour. The
watershed area of Sirikit Dam is 13,130 kmz. The traditional dam operations of
Sirikit Dam have been carried out conjunctively with Bhumibol Dam in the Ping
River to allocate water to the Chao Phraya Basin. The water release from Sirikit
Dam supplies the agriculture in the Phitsanulok Irrigation Project (around 96,000
ha, as shown in Figure 2.1) and to the irrigation projects (around 1,200,000 ha in
the wet season and 480,000 ha in the dry season) in the Chao Phraya Basin,
conjunctively with Bhumibol Dam. The Sirikit Dam is a multipurpose reservoir and
the storage water is used in the following order of priority : irrigation for
agricultural areas in the Lower Nan River Basin and Chao Phraya River Basin, flood
mitigation, fisheries, water transportation, maintaining the downstream

ecosystem, and electricity generation (EGAT, 2005).

The existing rule curves were collected from the Electricity
Generating Authority of Thailand (EGAT) and is shown in Figure 2.10. There are 2
sets of reservoir operation rule curves, including the existing reservoir operation
rule curves (called general rule curves) and the revised 2012 operation rule
curves (called flood rule curve) suggested by the government of Thailand. The
water level under the existing reservoir operation is shown in Figure 2.10. Even
though the reservoir operator attempted to regulate the water level close to the
reservoir operation rule curve. The actual practices could not follow the standard
rule curve set up by the RID office. As can be seen in Figure 2.11, there are 254
months or 59% of the total operation times (432 months) under the existing
lower rule curve. According to the results, the reservoir operators had to judge
how to release the water in the existing or actual situation rather than following

the reservoir operating rules. Consequently, this study focuses on how to deal
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with the actual situation, which emphasizes that the reservoir operations need to

be improved accordingly.

Table 2.13 Existing and revised 2012 reservoir operation rule curves

Rule Storage, MCM
Curve Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar
Existing
URC 8,244 | 7,771 | 7,372 | 7,208 | 7,290 | 8,111 | 9,016 9,510 9,510 | 9,502 | 9,240 | 8,854
LRC 6,396 | 6,102 | 5,829 | 5,718 | 5,773 | 6,312 | 6,835 7,125 7,125 | 7,120 | 6,967 | 6,750
Revised
2012
URC 8,024 | 7,207 | 6,584 | 6,115 | 6,170 | 7,601 | 8,819 | 9,473 | 9,510 | 9,494 | 8,996 | 8,532
LRC 4,899 | 4,241 | 4,041 | 4,216 | 4,452 | 5401 | 6,424 6,791 6,558 | 6,405 | 6,106 | 5,547
Remark : URC = Upper rule curve, LRC = Lower rule curve
10.000
— = Upper Rule Curve : Existing
— = Lower Rule Curve : Existing
Upper Rule Curve : Revised 2012
9.000 Lower Rule Curve : Revised 2012
8,000
=
O 7.000
=
o
o0
=
S 6,000
v
5.000
4,000
3.000 T T T T T T T T T T
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar

Figure 2.10 Existing and revised 2012 reservoir operation rule curves of Sirikit Dam
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2.9.2 Existing water allocation

The water allocation in the early dry season (November)
determines water usage for each activity to be allocated according to the water
budget. Thus, the water allocation was planned by the Royal Irrigation
Department and Electricity Generation Authority of Thailand as a sguideline for
water allocation during the cultivation season and protected the conflict among
the water users. However the water budget for the Phitsanulok and Chao Phraya
Irrigation Projects depend on the total water budget for Bhumibol and Sirikit Dam.
The water allocation planning will be considered based on the water budget of
both dams at the end of the wet or dry season (RID, 2008). The water budget for
reservoir regulation which the RID and EGAT carried out as water allocation

criteria is shown in Table 2.14.

Table 2.14 The water year criteria of Bhumibol and Sirikit Dam (at November)

Water allocation criteria Water Budget (MCM)
Bhumibol and Sirikit dam Phitsanulok Irrigation Project
High water year > 10,000 > 800
Normal water year 6,000 - 10,000 500 - 800
Dry water year 4,000 - 6,000 200 - 500
Very dry water year < 4,000 < 200

Regarding the water allocation of Phitsanulok Irrigation Project was
analyzed from 1975 to 2010. The water budget of Bhumibol and Sirikit Dam was
classified according to the water year criteria, as shown in Figure 2.12. The results
show that the water year for both dams can be classified into high water year,
normal water year, dry water year and very dry water year during 7-year, 20-year,
d-year and 5-year periods, respectively. On the other hand, the comparison of
the actual water allocation of the Phitsanulok Irrigation Project and the water
allocation criteria revealed that the water allocation during the dry season was in
line with the criteria of 19% of the regulated times, over line with the criteria 4%
of the regulated times and under line with the criteria 78% of the regulated

times.



37

A comparison of the water allocation for the Phitsanulok Irrigation
Project during the wet and dry seasons with the water year criteria is shown in
Figure 2.13 and Figure 2.14. The wet and dry season begin at May to October and
November to April, respectively. It was found that the water year in the wet
season was in line with the criteria of 52% of the regulated time, over line with
the criteria 30% of the regulated times and under line with the criteria 18% of the
regulated times. Furthermore the comparison of the water allocation and water
demand revealed that the water allocation was insufficient to supply the water
demand, which the average water deficit was 531.46 MCM/year. The average
water deficit during the wet and dry season was 384.59 MCM/year and 146.87
MCM/year, respectively. According to the results, it can be implied that the water
reculators allocated the irrigated water more effectively during the wet season
than during the dry season. However, it is necessary for the water allocation
during dry season to be revised according to the water demand; otherwise, the
water shortage event will occur more frequently in the future. A comparison of
the water allocation and water demand in wet and dry seasons is shown in Figure
2.15 and 2.16. It was revealed that the water management of this irrigation has to
be adjusted to match the supply and demand. For this reason, the water
allocation rule of this irrigation project will be taken into account to make a

decision for water allocation.

Due to the monthly actual regulation, the storage of the reservoir
has a chance to be overflowed through the spillway, so the risk of dam failure has
to be considered. Normally, the flood peak regulation case, the dam operator will
open the spillway gates before the flood peak volume overflow the crest of
spillway. For above reasons, this study considered the water overflow level
according to the average overflow level that occurred in the historical dam
operations. The average overflow level was 161.90 m MSL or 9,485 MCM, which
also can be identified as the maximum limitation of the dam capacity. In contrast,
the minimum limitation of the dam is the dead storage level, where the water

level is 128 m MSL or 2850 MCM.
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The general dam operations are as follows. If the water level is
over the average overflow level, the water will overflow the spillway. On the
other hand, the reservoir will not release water if the water level is under the
dead storage level. The characteristic of Sirikit and Bhumibol Dam were
considered from the height-area-volume relation, maximum, normal and
minimum storage, and upper and lower rule curve. Therefore, this reservoir
operation in this study was considered under the dam characteristic and practical
operations or “business as usual”. Some information was obtained from the
interviews with the dam operators, whose main concern is that release should be
sufficient for fisheries activities during wet season, when at least 6 — 7 I\/\m3/day is
released, while the controlling discharge at the Chao Phraya diversion dam should
be at least 80 m’/sec. Furthermore the dam operator suggested enhancing the
efficiency of the release during the dry season for irrigation and for fishery
activities and in the wet season for flood control downstream. For the above
reasons, the constraints of dam regulation will be taken into account with the

release rule in this study also.
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Figure 2.12 The comparison of water budget of Bhumibol and Sirikit Dam and water

year criteria (at November)
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LITERATURE REVIEW

The references from the literature review for this thesis includes GCM
selection, bias correction of GCM precipitation, rainfall-runoff model, decision analysis

and reservoir operation approaches. The summary is shown as follows:

3.1 GCM selection

Sperber and Palmer (1996) evaluated the interannual variability of
rainfall on the Indian subcontinent, the African Sahel, and the Nordeste region of
Brazil in 32 models of the Atmospheric Model Intercomparison Project (AMIP).
They found that the interannual variations of Nordeste rainfall were the most
readily captured and the precipitation variations in India and the Sahel were less

well simulated.

Gadgil and Sajani (1998) presented an analysis of the seasonal
precipitation associated with the African, Indian and the Australian-Indonesian
monsoon and the interannual variation of the Indian monsoon simulated by 30
atmospheric  general circulation models of the Atmospheric Model
Intercomparison Project (AMIP). The seasonal migration of the major rain belt
observed in the African region was reasonably well simulated by almost all the

models.

Kang et al. (2002) assessed the overall performance of state-of-the-art
atmospheric GCMs in simulating the climatological variations of summer monsoon
rainfall in the Asian-Western Pacific region and systematic errors. The GCM data
utilized were obtained from 10 GCM groups participating in the CLIVAR/Monsoon
GCM Intercomparison Project. The model composite shows that the overall spatial
pattern of summer monsoon rainfall was similar to the one observed, although

the western Pacific rainfall was relatively weak.
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Waliser et al. (2003) analyzed the intraseasonal variability associated
with the Asian summer monsoon as simulated by a number of atmospheric
general circulation models (AGCMs). They focused on the spatial and seasonal
variations associated with the intraseasonal variability (ISV) of rainfall in the term
of the spatial-temporal variation of rainfall [i.e. their depiction of the Intraseasonal
Oscillation (ISO)], the teleconnection patterns associated with each model’s 1SO,
and the implications of the models’ ISV for seasonal monsoon predictability. The
results showed that several of the models exhibit ISV levels at or above that
found in observations with the spatial patterns of ISV that resembled the

observed pattern.

Annamalai et al. (2007) examined the relationship between ENSO and
monsoons using interannual and decadal time scales from 18 GCM models. They
found that six of the 18 models had a reasonably realistic representation of

monsoon precipitation climatology.

Kripalani  (2007) examined the South Asian summer monsoon
precipitation and its variability from the outputs of the 22 coupled climate
models. They found that 19 models were able to capture the maximum rainfall
during the summer monsoon period (June through September) with varying
amplitude. While two models were unable to reproduce the annual cycle well,

one model was unable to simulate the summer monsoon season.

Sharma (2007) compared the statistical parameters of the six GCMs
precipitation and temperature (17 experiments) with the observed values to select
the suitable GCM data for the impact assessment of climate change on water
resources. The six GCMs include HadCM3, CCCma, CSIRO-MK2, GFDL-R30, US NCAR
and ECHAMA4. The results revealed considerable variability regarding the various
GCM simulations for the observed climate. The HadCM3, ECHAM4, GFDL-R30 and
US NCAR models are good at simulating the magnitude and spatial variability of
mean temperature. The precipitation comparisons showed much higher variations

than those for the mean temperature for all models and all stations. The CSIRO-



a3

MK2 and ECHAM4 model are good representations of the term of magnitude and
spatial variability of precipitation.

Lin et al. (2008) evaluated the subseasonal variability associated with
the Asian summer monsoon in 14 coupled general circulation models (GCMs)
participating in the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (AR4). The results showed that current state-of-the-art GCMs
still had difficulties and displayed a wide range of skill in simulating the

subseasonal variability associated with the Asian summer monsoon.

Bollasina and Nigam (2009) examined the veracity of modeled air-sea
interactions in the Indian Ocean during the South Asian summer monsoon. They
analyzed the air-sea interactions from the coupled general circulation models as
part of the Intergovernmental Panel on Climate Change Fourth Assessment
Report. The results showed that the presence of large systematic biases in
coupled simulations of boreal summer precipitation, evaporation, and sea surface
temperature (SST) in the Indian Ocean, often exceeding 50% of the climatological

values.

Rajeevan et al. (2012) compared the performance of the new multi-
model seasonal prediction system developed in the frame work of the
ENSEMBLES EU project for the seasonal forecasts of India summer monsoon
variability and the results from the previous EU project, DEMETER. The results
showed systematic biases in the representation of mean monsoon seasonal
rainfall in the Indian region, which were similar to that of DEMETER. The
ENSEMBLES coupled models are characterized by an excessive oceanic forcing on

the atmosphere over the equatorial Indian Ocean.

Sperber et al. (2013) evaluated the boreal summer Asian monsoon in
25 Coupled Model Intercomparison Project-5 (CMIP5) and 22 CMIP3 GCM
simulations of the late twentieth century. This statistic inferences were used to
evaluate which included the diagnostics and skill metrics to assess the time-mean,
climatological annual cycle, interannual variability, and intraseasonal variability.

They pointed out that there is no single model that best represents all of these
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aspects of the monsoon. The CMIP5 multi-model mean (MMM) was more skillful
than the CMIP3 MMM for all diagnostics in terms of the skill metrics with respect

to observations.

3.2 Bias correction of GCM climate and precipitation

Bias is defined as the time independent component of the error. It
is well known that some form of pre-processing is necessary to remove biases
present in the simulated climate output fields before they can be used for
hydrological modeling. The bias correction methods are used to remove the bias
from GCM data such as quartile mapping, gamma-gamma transformation,
regression-based and hybrid method. The bias correction method is reviewed in

the following.

Chen et al. (2000) applied the Lamont model to demonstrate that
the biases from raw GCM output can be effectively reduced with a simple
statistical correction, and the bias-corrected model can have a more realistic

internal variability as well as an improved forecast performance.

Shrestha et al. (2004) used the non-homogenous multiplicative
random cascade method to downscale the spatial rainfall field. The Hierarchical
and Statistical Adjustment (HSA) method has been introduced and tested in this
study to downscale 1.25 degree GAME Re-analysis data into 10-minute spatial
resolution. From the evaluation of the statistics of 30 realizations, it was found
that the random cascade method was able to conserve the accumulation mass
according to its initial assumption. The accumulated mass conservation of the
generated rainfall field was erroneous while viewed for a particular catchment in

different grid-size systems.

Tantanee (2005) developed the Downscaled Rainfall Prediction
Model (DRPM) using the technique of unit disaggregation curve (UDC). This
technique coupled the concept of stochastic autoregressive (AR) model with a

wavelet filter and disaggregation model.
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Zehe et al. (2005) used a stochastical approach for generating
rainfall time series based on objective circulation patterns (CP). This method was
applied to the mesoscale Anas catchment in northwest India. The time scale as
well as the frequency distribution of the monthly rainfall at different stations
were captured and performed well. Correlation coefficients between simulated
and observed monthly rainfall were larger than 0.85 at each station. Furthermore,
the additional predictors such as SST anomalies and wind direction classes were

also introduced in this paper to bring substantial model improvements.

Ines and Hansen (2006) proposed the use of gamma distribution to
represent observed rainfall intensity, and applied both gamma and empirical
distributions to correct the bias of GCM rainfall intensity. At the study site, the
proposed bias correction methodology was applied to correct the bias of both
the mean and variance of monthly and seasonal GCM rainfall, including
frequency and mean. All of the bias correction procedures improved maize yield
simulations, but resulted in substantial negative mean bias. This bias appears to
be associated with a tendency for the GCM rainfall to be more strongly
autocorrelated than observed rainfall, resulting in unrealistically long dry spells

during the growing season.

Hashino et al. (2006) evaluated three bias-correction methods for
ensemble streamflow volume forecasts. In terms of forecast skill, all three bias-
correction methods performed well for monthly volume forecasts. The analysis
found that both the regression and the quantile mapping methods employed
produced similar results, except for low flows, where the regression method
performed poorly due to its model fit. The forecast skill for the event bias
correction method is similar to the others, but the sharpness and discrimination

of the probabilistic forecasts are less.

Mehrotra and Sharma (2006) used a non-parametric stochastic
downscaling framework to simulate daily rainfall at multiple point locations in
catchment-scale to evaluate the climate change impact under enhanced

greenhouse conditions.
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Busuioc (2007) investigated optimum statistical downscaling
models for three winter precipitation indices in the Emilia-Romagna region,
especially related to extreme events. The statistical downscaling model (SDM)
based on the canonical correlation analysis (CCA) was used as the downscaling
procedure. The combination of dynamic and thermodynamic predictors
improved the SDM's skill for all sub-regions in the dry index case and for some
sub-regions in the simple daily intensity index case. The selected SDMs were
stable in time only in terms of the correlation coefficient for all sub-regions for
which they were skilful and only for some sub-regions in terms of explained

variance.

Fowler (2007) pointed out that since many of the impacts of
climate change will not be detectable in the near future, there is a need for
decision-making tools for planning and management that are robust in relation to
future uncertainties. In hydrological impacts research there is a need for a move
away from comparison studies into the provision of such tools based on the
selection of robust, possibly impact specific, downscaling methods. These allow
the inclusion of uncertainty estimates using a multi-model approach which can
be used in the planning of adaptation measures, and they seem to offer the
most potential for advancement within both the “downscaling for hydrological

impacts” science community and for practitioners.

Graham et al. (2007) investicated how using different regional
climate model (RCM) simulations affected the climate change impacts on
hydrology in northern Europe using an offline hydrological model. The results
indicated an overall increase in river flow, earlier spring peak flows and an
increase in hydropower potential. The two approaches for transferring the signal
of climate change to the hydrological impacts model yielded similar mean
results, but considerably different seasonal dynamics, a result that is highly

relevant for other types of climate change impacts studies.

Sharma (2007) employed bias-correction and spatial disaggregation

methods to improve the quality of ECHAM4/OPYC SRES A2 and B2 precipitation
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for the Ping River Basin in Thailand. The bias-correction method, based on
gamma-gamma transformation, was applied to improve the frequency and
amount of raw GCM precipitation at the grid nodes. The spatial disaggregation
model based on the multiplicative random cascade theory was estimated using
Mandelbrot-Kahane-Peyriere (MKP) function for each month. The bias-correction
method showed the ability of reducing biases from the frequency and amount
compared observed rainfall data. The spatial disaggregation model satisfactorily
reproduces the observed trend and variation of average rainfall amount except
during heavy rainfall events with certain degree of spatial and temporal

variations.

Cavazos and Hewitson (2008) examined the skill and errors of 29
individual atmospheric predictors of area-averaged daily precipitation in 15
locations that encompass a wide variety of climate regimes, and to determine
the best combination of these to empirically model daily precipitation during the
winter and summer seasons. The results indicate that humidity and geopotential
heights at mid-tropospheric levels are the two most relevant controls of daily

precipitation in all the locations

Cheng et al. (2008) used a regression-based methodology to
downscale hourly and daily station-scale meteorological variables from outputs
of large-scale general circulation models (GCMs). The results showed that the
downscaling method was able to capture the relationship between the premises

and the response.

Ghosh and Mujumdar (2008) proposed the methodology for
statistical downscaling based on sparse Bayesian learning and Relevance Vector
Machine (RVM) using GCM simulated climatic variables. NCEP/NCAR reanalysis
data have been used for training the model to establish a statistical relationship
between streamflow and climatic variables. The relationship thus obtained is
used to project the future streamflow from GCM simulations. A decreasing trend
was observed for the monsoon streamflow of Mahanadi due to high surface

warming in the future, with the CCSR/NIES GCM and B2 scenario.
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Piani et.al. (2009) produced internally consistent fields that had
the same statistical intensity distribution as the observations. They referred to this
as a statistical bias correction. Validation of this methodology was carried out
using daily precipitation fields, defined in relation to Europe, from the ENSEMBLES
climate model dataset. The results showed that this method performed
unexpectedly well in both intensity distribution and a drought and heavy

precipitation indication.

Wetterhall et al. (2009) adopted a multi-objective fuzzy-rule-based
classification method (MOFRBC) to downscale GCM daily precipitation at the
station level. The predictor data included mean sea level pressure (MSLP) and
geopotential heights at 850 (H850) and 700 hPa (H700) from the NCEP/NCAR
reanalysis and from the HadAM3 GCM.

Sperna Weiland (2010) investigated the capability of GCMs data for
discharge variability and extremes analysis. This study used the bias-corrected
daily climate data from 12 GCMs as input data to the global hydrological model
PCR-GLOBWB. The results were compared with discharge observations of the
GRDC and the discharges calculated from the model runs based on two
meteorological datasets constructed from the observation-based CRU TS2.1 and
ERA-40 reanalysis. The consistency of bias-corrected GCM data revealed that was
high for mean discharge and timing (Qpeak), but relatively low for inter-annual
variability (IAV). It was implied that GCMs can be of use in global hydrological
impact studies in which persistence is of less relevance (e.g. in the case of flood
rather than drought studies). Moreover, the bias-correction influences mean
discharges more than extremes, which has a positive consequence that changes
in daily rainfall distribution and subsequent changes in discharge extremes will
also be preserved when the bias-correction method is applied to future GCM

datasets.

Koontanakulvong and Chaowiwat (2010) reviewed and verified the
performance of MRl GCM data with respect to Thailand conditions. This study

compared the performance of the bias correction method for projecting the
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climate change in the future in 9 group basins of Thailand. The bias correction
methods included the SD ratio method and the modified rescaling method. The
monthly mean rainfall distribution pattern by SD Ratio-GCM was found to be
closer to the observed rainfall. The results of SD Ratio GCM incorporated the
spatial heterogeneity in rainfall and reduced the biases from raw GCM in terms of

monthly mean and distribution rainfall patterns.

Inomata et al. (2011) developed a simple statistical method to
correct bias in the MRI GCM20 precipitation data. The method primarily aimed to
correct the intensity of the GCM20 daily precipitation samples to express both
seasonal patterns and extreme values appropriately. The basic idea of the bias
correction was to adjust the probability distribution of GCM20 daily precipitation
to that of its observed counterparts. The results showed that it appropriately

corrected the GCM20 bias in both monthly and extreme daily precipitation.

Watanabe et al. (2012) evaluated the bias-correction methods for
monthly temperature and precipitation data simulated by 12 GCMs in the
Coupled Model Intercomparison Project (CMIP3) archives. They proposed a new
method which conserved the changes of mean and standard deviation of the
uncorrected GCM data, and then compared with five previous bias-correction
methods. They found that new method successfully conserved the changes in
the mean, standard deviation and the coefficient of variation before and after
bias-correction. The differences of bias-corrected data among methods were

discussed according to their respective characteristics.

From the reviewed bias correction method, this study selected
four statistical bias correction methods in order to compare the performance of
each method. The selected bias correction methods include Gamma-gamma (GG)
transformation, the Hybrid method, the standard deviation ratio method and the
modified rescaling method. Thus, these bias correction methods are widely used
to assess the impact on hydrological process and their results can represent the

regional hydrological characteristics. Especially, the hybrid method has been
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proposed to correct the MRI GCM bias appropriately for both monthly and

extreme daily precipitation.

3.3 Rainfall-runoff estimation

Many researchers have applied some technique to estimate the
runoff parameters from the characteristics of river basins such the land use and
soil group maps. While those studies considered the runoff parameters which
based on the characteristics of the river basin only. However, the runoff
parameter estimation studies based on the storm pattern have been very few.

Many researchers have studied the rainfall-runoff models as follows:

Uhlenbrook (1999) investigated the uncertainties arising from the
problem of identifying a representative model structure and model parameters in
a conceptual rainfall-runoff model. They applied this model to calculate the
design flood and predict the low flow. The results showed that the parameter
uncertainty and the uncertainty of identifying a unique best model variant have

implications for model predictions.

Hernandez et al. (2000) described a procedure for evaluating the
effects of land cover change and rainfall spatial variability on watershed
response. Two hydrologic models were applied in this research on a small semi-
arid watershed; one model is event-based with a one-minute time step
(KINEROS), and the second one was a continuous model with a daily time step
(SWAT). This study demonstrated the feasibility of using widely available data sets
for parameterizing hydrologic simulation models. The results showed that both
models were able to characterize the runoff response of the watershed due to

changes of land cover.

Wilk and Hughes (2002) simulated streamflow in a regulated
catchment in southern India by using a rainfall-runoff model, where data were
limited in relation to the basin's complexity. The results showed that the
proposed model could be considered a useful water resources management tool

that provides a sound basis for further studies.
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Pappenberger et al. (2004) investigated the uncertainty of the GIS
based rainfall runoff model (LisFlood) by using the Generalized Likelihood
Uncertainty Estimation (GLUE) framework. The results of the prediction of
uncertainty percentiles regarding the flow in this research were very satisfactory
and encouraging. The analysis showed the capability of the proposed model in
predicting the uncertainty for estimating the exceedence of threshold levels,

which can be used in flood warning decision making and river basin management.

Maskey et al. (2004) presented a methodology for propagating the
precipitation uncertainty through a deterministic rainfall-runoff-routing model for
flood forecasting. It uses fuzzy set theory combined with genetic algorithms. The
uncertainty due to the unknown temporal distribution of the precipitation was
achieved by disaggregation of the precipitation into sub-periods. A catchment
model of the Klodzko valley (Poland) built with HEC-1 and HEC-HMS was used for
the application. The results showed that the output uncertainty due to the
uncertain temporal distribution of precipitation could be significantly dominant

over the uncertainty due to the uncertain quantity of the precipitation.

Murphy et al. (2004) have stated that the application of a lumped
conceptual rainfall-runoff model for simulating beyond a baseline calibration set
was a major challenge for climate change impact assessment. They applied the
HYSIM as an “off-the-shelf” conceptual rainfall runoff model using data on a
daily time-step to a suite of catchments throughout Ireland. A number of
acceptable parameter sets were generated and uncertainty bounds were
constructed for each time step using the 5th and 95th percentile at each

temporal interval.

Pappenberger and Beven (2005) have stated that an understanding
of cascaded uncertainties is a necessary requirement to provide robust
predictions. Their analysis demonstrates that a full uncertainty analysis of such an
integrated system is limited mainly by computer power as well as by how well

the rainfall predictions represent potential future conditions.
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Magome et al. (2008) discussed the approach of using a currently
available distributed hydrological model to couple with satellite-based
precipitation datasets. A physically based distributed hydrological model, the
YHyM/BTOP model, was used in this paper to simulate at any grid for the whole
Mekong River Basin, including poorly gauged basins. The results showed the
simulated discharge could represent the trend of observed discharge and the

possibility of real-time flood risk assessment well.

Sugiura et al. (2009) developed a concise flood-run-off analysis
system as a toolkit for more effective and efficient flood forecasting in
developing countries. This system implemented interfaces to input not only
ground-based but satellite-based rainfall data, GIS functions to construct flood-
run-off models, a default run-off analysis model, and interfaces to display output

results.

3.4 Decision making analysis for water management

There are many researches that have applied some decision-
making techniques to study water management, such as the risk-based decision
analysis and the systematic decision analysis, etc. Recently, the decision-tree
algorithm was applied to reservoir releases during typhoons. Some decision-

making researches for water management are reviewed below.

Mylopoulos et.al. (1999) proposed a risk-based decision analysis
methodology that could be used as a water policy tool in the design of

economic incentive instruments under conditions of uncertainty.

Al-Fagih et al. (2006) proposed a systematic decision analysis tool
to provide strategies for finding sustainable water resources and drainage systems
solutions. A new sustainable decision analysis system was developed to address
these problems and concerns. The developed system was very flexible and
could be modified according to the project. Stakeholders will gain a
comprehensive outlook for the water and/or drainage system problems under

consideration.
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Harvey et. al. (2009) introduced the concept of quantitative
decision analysis as the logical extension of the recent implementation of risk
analysis in flood risk management. The conceptual framework defined five layers
of analysis included the damage simulation, risk analysis, management

intervention and performance assessment.

Chih-Chiang et. al. (2012) compared the decision-tree algorithm
(C4.5) the neural decision-tree algorithm (NDT) to solve the problem of water
resources management. The feature of the NDT algorithm was the combination
of the artificial neural network (ANN) technologies and the conventional decision-
tree algorithm capabilities. The applicability of the presented algorithms is
demonstrated through a case study of reservoir releases during typhoons.
Shihmen Reservoir in Taiwan is the study site. The findings show superior

performance of the NDT model in contrast to the traditional C4.5.

3.5 Reservoir operation

Reservoir operations consist of the storage and release of reservoir
for multiple-purposes. The reservoir regulators determine the water managing
plan in each period and carry out according to this plan. If the future condition
occurs different from the plan, the operation may be adjusted from the plan for

reducing deficit and overflow.

There are many reservoir operation approaches that can assist
reservoir operators in releasing or storing water in reservoirs; namely, stochastic
dynamic programming model, probability-based rule curves and genetic
algorithm, etc. Regarding to the reservoir operation approaches were applied to
find the suitable rule curves, and these rule curves will be used for the operating
guide line. Furthermore, the rule curve is used to refer to elevations which define
ideal (desirable or target) storage volumes and provide a mechanism for release
rules to be specified as a function of storage content. Many researchers have
studied the impact of climate change on reservoir operation; however, there

were a few researches has investigated the adaptive reservoir operation response
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to such an impact. The reservoir operation approaches and reservoir operation

under climate change condition are reviewed as follows.

3.5.1 Reservoir operation approaches

Harboe and Ratnayake (1993) proposed the standard operating
rules by using a stochastic dynamic programming model. The objective function
was to maximize expected guaranteed on-peak energy while constraints on
irrigation and flood control were satisfied. The results showed that stochastic
results were more conservative (lower energy targets), but in turn had a higher

reliability than higher targets obtained from deterministic models.

Jiang (1998) applied the Wiener process characteristics of reservoir
storage capacity in flood regulation by using a stochastic differential equation.
The results showed that the uncertainty influence of various random factors on
the reservoir level hydrograph could be taken into account in the flood routing

process.

Vonnarart (2003) developed the reservoir operation rule by using
ANN. The results showed that the ANN model could reduce the overflow amount
in moderate runoff case but rarely reduced overflow in high runoff case. The ANN
model could not improve reservoir operations during dry season. The developed
ANN model in wet season could assist daily operation in relation to moderate

runoff conditions.

Vudhivanich and Rittima (2003) developed the probability based
rule curves were developed for Mun Bon and Lam Chae reservoirs, Nakhon
Ratchasima province. The effectiveness of this approach could be evaluated by
comparing the results with the standard operating policy. The results showed
that the failure indices in terms of the number of months, sum and sum squared
of the water shortage of the probability based rule curves were smaller than

those of the standard operating policy.

Hanasaki et. al. (2003) studied a simple reservoir operation model

for Total Runoff Integrating Pathways (TRIP), which is one of the global river
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routing network models. The model was applied to the Chao Phraya River in
Thailand to validate its performance. The results showed the good
correspondence between the model results and observations for applying the

model to global and continental studies.

Chaleeraktrakoon and Kangrang (2005) formulated a multi-staged
problem of rule-curve searching using the DP technique, and proposed the PPO
algorithm for finding the optimal rule curves of the reservoir system. The
proposed DP/PPO approach has been applied to determine the optimal rule
curves of the Bhumibhol and Sirikit Reservoirs (the Chao Phraya River Basin,
Thailand). It was shown in the illustrative application that the proposed approach
consumed computing resources that were much fewer than the DP problem did.
The results indicated that the proposed DP-based approach is advantageous over
the accepted simulation practice since it certainly provides the optimal rule

curves.

Kumar et.al. (2006) proposed a genetic algorithm GA model for
obtaining an optimal operating policy and optimal crop water allocations from an
irrigation reservoir. The objective is to maximize the sum of the relative yields
from all crops in the irrigated area. This model can be used to optimize the water

utilization of any reservoir system to achieve maximum benefits.

Ratnayake and Harboe (2007) used the Stochastic Dynamic
Programming and Deterministic Dynamic Programming techniques to optimize a
reservoir system under a max-min type of objective function to maximize on-
peak firm energy generation. The result showed that the SDP was not appropriate
for the optimization as it significantly overestimates the firm energy targets while
the DDP resulted in very reasonable on-peak firm energy targets. The simulation
results showed high reliabilities for targets from DDP while those from SDP are

very low.

Kangrang et. al. (2008) developed a stochastic simulation model
embedded genetic algorithm model for searching the optimal rule curves. The

synthetic inflows were used in the developed model for assessing the risk



56

reservoir operation. Single and multi-reservoir systems were applied to assess the
efficiency of the proposed technique. The developed model was applied to
determine the optimal rule curves of the Bhumibol and Sirikit Reservoirs (the
Chao Phraya River Basin, Thailand) for multi-reservoir system and the Ubolratana
Reservoir (the Chi River Basin, Thailand) for single system. The optimal rule curves
of each system were used for assessment using a Monte Carlo simulation. The
results showed that the situations of water shortage and excess release of the
obtained rule curves were not significantly different from the situation of the

curves searched using traditional simulation.

Soltani et. al. (2008) applied the optimization of reservoir
operation rules by using differential evolutionary algorithm with stochastic inflow
scenarios. The results showed the uncertainty band of inflow which is narrowed

in demand which supplies through optimal reservoir operation planning.

Pinthong et. al. (2009) developed a hybrid genetic and neurofuzzy
computing algorithm to enhance the efficiency of water management for a
multipurpose reservoir system. The genetic algorithm was applied to search for
the optimal input combination of a neurofuzzy system. The optimal reservoir
releases were determined based on the reservoir inflow, storage stage, side flow,

diversion flow from the adjoining basin, and the water demand.

Celeste et al. (2009) incorporated the application of Implicit
Stochastic Optimization (ISO) to determine monthly operating rules for a reservoir
system with new inflow realizations. The results showed ability to produce
policies similar to those obtained by deterministic optimization taking the same

inflows as perfect forecasts.

Celeste and Billib (2009) investigated the performance of seven
stochastic models used to define optimal reservoir operating policies. The
models were based on implicit (ISO) and explicit stochastic optimization (ESO) as
well as on the parameterization—simulation-optimization (PSO) approach. The
models were applied to the operation of a single reservoir damming at an

intermittent river in northeastern Brazil. The standard operating policy was used
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to compare with the proposed approach. The results showed that the ISO and
PSO models performed better than the SDP and the SOP. In addition, the
proposed ISO-based surface modeling procedure and the PSO-based two-
dimensional hedging rule provided superior overall performance as compared

with the neuro-fuzzy approach.

Rittima (2009) simulated reservoir operation by using a hedging
policy that was applied at the Mun Bon and Lam Chae reservoirs. The results
were compared with the standard operating policy and probability based rule
curve. The results showed that two-point and three-point hedging performed
well for all components of reservoir behavior compared with the standard

operating policy and other hedging policies.

3.5.2 Reservoir operation under climate change condition

Kaczmarek (1990) studied the possible impacts of long-term
hydrological nonstationarity on the design and operation of water reservoir
systems. Stochastic storage theory was used to derive the relationship between
annual storage capacity, water demand and various performance criteria of
reservoir management. This was applied to a set of scenarios, and it was shown
that despite moderate changes in inflow stochastic characteristics, the values of

the performance criteria were substantially different.

Burn and Simonovic (1996) studied the potential impacts of
climate change on the operational performance of the Shellmouth reservoir in
Manitoba, Canada. They applied two different “warm” and “cool” sets of
climatic conditions and synthesized monthly streamflow sequences as input data
for a reservoir operation model. They also assessed the impact of the reliability
of reservoir operating policy included flood control, recreation and water supply.

The reservoir performance was determined to be sensitive to the inflow data.

Kim et al. (2009) evaluated the current dam operation rules of
Yagisawa Dam under the changed climate conditions. They applied the object

oriented hydrologic modeling system and the dam operation model to simulate
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the water level and outflow with the present and future inflow. The results
results showed that there was very limited inflow in May and June due to
decreased and shifted snowmelt inflow in the future. The dam outflow from
January to March should be reduced and stored in the reservoir, or the current

water level regulations should be revised.

Brekke (2009) presented a flexible methodology for conducting
climate change risk assessments involving reservoir operations. The multiple
applications were conducted to show how choices made in conducting the risk
assessment, choices known as analytical design decisions, can affect assessed risk.
The results show that assessed risk would motivate different planning pathways
depending on decision-maker attitudes toward risk (e.g., risk neutral versus risk
averse). Furthermore, the results also show that assessed risk at a given risk
attitude is sensitive to the analytical design choices listed above, with the choice
of whether to adjust flood-control rules under climate change having
considerably more influence than the choice on whether to weight climate

scenarios.

Lauri, etal. (2012) downscaled the output of five general
circulation models (GCMs) and applied the simulation of reservoir operation by
using an optimization approach considering both existing and planned
hydropower reservoirs in the Mekong region. They also applied a distributed
hydrological model for the hydrological assessment. Their results showed that
within the coming 20-30 years, the operation of planned hydropower reservoirs
was likely to have a larger impact on the Mekong hydrograph than the impacts of
climate change, particularly during the dry season. On the other hand, climate

change will increase the uncertainty of the estimated reservoir operation impacts.
3.5.3 Adaptive reservoir operation

Kim et al. (2009) investigated the adaptability of current dam
reservoir operation rules under climate change condition in the upper part of
Tokyo, Japan. Regarding to the inflow data under the present and future climate

condition, hydrologic output of a general circulation model was converted into
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discharge data through a distributed hydrologic model. The simulation results
showed that there will be very limited inflow in May and June due to decreased
and shifted snowmelt inflow in the future. Under the changed climate conditions,
the dam outflow from January to March should be reduced and stored in the

reservoir, or the current water level regulations should be revised.

Georgakakos et al. (2012) assessed the value of adaptive reservoir
management compare with traditional operation practices in the context of
climate change for the Northern California reservoir system. They compared the
water system response in four simulated scenarios, pertaining to two
management policies and two hydrologic data sets. The results showed that the
current policy which was tuned to historical hydrologic regimes, was unable to
cope effectively with the more variable future climate, and that the system has
higher vulnerabilities and risks. By contrast, adaptive management constitutes an

effective mitigation measure of climate change.



CHAPTER IV
STUDY THEORIES AND PROCEDURES

4.1 Bias correction of GCM rainfall and change on hydrological variables

The bias correction of GCM rainfall includes the GCM selection and
the comparative study of bias correction method which is the pre-process of the
impact assessment on climate change on the local scale. For the change on
hydrological variables is to evaluate the trend of change of the input variables for
the reservoir operation model. The schematic diagram of bias correction of GCM
rainfall procedures and the impact assessment on hydrological variables

procedures show as Figure 4.1 and 4.2.

The overview of GCM selection and bias correction study
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Figure 4.1 Schematic diagram procedures of bias correction of GCM rainfall
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Figure 4.2 The change evaluation procedures on hydrological variables

The detail of the bias correction of GCM rainfall and change on

hydrological variables follow as:

4.1.1 GCM selection

4.1.1.1 Data Collection for the GCM selection

The General Circulation Model (GCM) climate data was collected

from many related agencies by extracting from the web site of the distributing

agencies e.g. CCSR, CSIRO, Max Planck Institute for Meteorology, GFDL, Hadley

Centre, CCCMA. For the MRI GCM climate data was extracting from Meteorological

Research Institute, Japan. The list of collecting data was shown as Table 4.1.
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4.1.1.2 The GCM selection procedures

The GCM selection is to evaluate the performance of GCM climate
data that has the reliability for applying the hydrological model. The GCM

selection procedures follow as:

1) Collect the observed rainfall data from Thai Meteorological

Department (TMD) and Royal Irrigation Department (RID).

2) Collect GCM precipitation data from the IPCC data distribution

center Meteorological Research Institute Japan.

3) Extract and select GCM climate data series from grid database

which matches the study area.

4) Interpolate the observed rainfall data to the GCM g¢rid points by

the inverse distance weighting method.

5) Evaluate the performance of GCM by using the goodness of fit

test indices based on monthly basis.

6) Select the suitable GCM precipitation by comparing the

performances of raw GCM precipitation.
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Data” Scenario” Agency Time scale Duration
. Thai Meteorological Department (TMD) and Daily,
Observed climate - 1979 - 2006
Royal Irrigation Department Monthly
CCSR-A2 climate A2 Center for Climate system Research, USA Monthly 1979 - 2006
) Commonwealth Scientific and Industrial Research
CSIRO-A2 climate A2 o . Monthly 1979 - 2006
Organization, Australia
ECHAM4-A2
) A2 Max Planck Institute for Meteorology, Germany Monthly 1990 - 2006
climate
GFDL-A2 climate A2 The Geophysical Fluid Dynamics Laboratory, USA Monthly 1979 - 2006
HadCM3-A2
) A2 Hadley Centre, the United Kingdom Monthly 1979 - 2006
climate
CCCma3-A2 The Canadian Centre for Climate Modeling and
A2 Monthly 1979 - 2006
climate Analysis, Canada
) / \ Daily,
MRI-A2 climate A2 Meteorological Research Institute, Japan 1979 - 2006
Monthly
CCSR-B2 climate B2 Center for Climate system Research, USA Monthly 1979 - 2006
Commonwealth Scientific and Industrial Research
CSIRO-B2 climate B2 Monthly 1979 - 2006
Organization, Australia
ECHAM4-B2 climate B2 Max Planck Institute for Meteorology, Germany Monthly 1990 - 2006
GFDL-B2 climate B2 The Geophysical Fluid Dynamics Laboratory, USA Monthly 1979 - 2006
HadCM3-B2 : -
] B2 Hadley Centre, the United Kingdom Monthly 1979 - 2006
climate
CCCma3-B2 The Canadian Centre for Climate Modelling and
) B2 ) Monthly 1979 - 2006
climate Analysis, Canada
A A A Daily,
MRI-B2 climate B2 Meteorological Research Institute, Japan 1979 - 2006
Monthly
CCSR-A1B climate A1B Center for Climate system Research, USA Monthly 1979 - 2006
) Commonwealth Scientific and Industrial Research
CSIRO-A1B climate AlB L ] Monthly 1979 - 2006
Organization, Australia
ECHAM4-A1B
) AlB Max Planck Institute for Meteorology, Germany Monthly 1990 - 2006
climate
GFDL-A1B climate A1B The Geophysical Fluid Dynamics Laboratory, USA Monthly 1979 - 2006
HadCM3-A1B . )
) AlB Hadley Centre, the United Kingdom Monthly 1979 - 2006
climate
CCCma3-Al1B The Canadian Centre for Climate Modelling and
) A1B i Monthly 1979 - 2006
climate Analysis, Canada
) ) ) Daily,
MRI-A1B climate A1B Meteorological Research Institute, Japan 1979 - 2006
Monthly

Remark 1/ Scenarios were explained more details in appendices B.

2/ Climate data included precipitation, maximum, minimum and mean temperature, and relative humidity
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4.1.2 The bias correction of GCM rainfall

The statistical bias correction methods, used in this thesis,
included Gamma-gamma (GG) transformation (Ines and Hansen, 2006; Piani et al.,
2009), Hybrid bias correction (Inomata et al., 2011), standard deviation (SD) ratio
bias correction (Cheng et al, 2007) and modified rescaling bias correction
(Graham et al.,2007; Sperna Weiland et al., 2010). These bias correction methods
are widely used in the impact assessment on hydrological process and

represented the regional climate characteristics.
4.1.2.1 Data collection for bias correction of GCM

The observed climate data was collect from Thai Meteorological
Department (TMD) and Royal Irrigation Department (RID). The rainfall gauge
stations were used for this study included 64 stations located in Nan River Basin.
(shown as Figure 2.2) For the General Circulation Model (GCM) climate data was

collected from many related agencies by extracting from MRI. The Llist of

collecting data was shown as Table 4.2.

Table 4.2 List of climate data collection for bias correction of GCM

Data Scenario” Agency Time scale Duration

Observed rainfall - Thai Meteorological Department and Daily, 1979 - 2006
Royal Irrigation Department Monthly

Observed maximum temperature - Thai Meteorological Department Daily, 1979 - 2006
Monthly

Observed minimum temperature - Thai Meteorological Department Daily, 1979 - 2006
Monthly

Observed mean temperature - Thai Meteorological Department Daily, 1979 - 2006
Monthly

Observed relative humidity - Thai Meteorological Department Daily, 1979 - 2006
Monthly

MRI-A1B precipitation Al1B Meteorological Research Institute, Japan Daily, 1979 - 2006
Monthly

MRI-A1B maximum temperature A1B Meteorological Research Institute, Japan Daily, 1979 - 2006
Monthly

MRI-A1B minimum temperature A1B Meteorological Research Institute, Japan Daily, 1979 - 2006
Monthly

MRI-A1B mean temperature A1B Meteorological Research Institute, Japan Daily, 1979 - 2006
Monthly

MRI-A1B relative humidity A1B Meteorological Research Institute, Japan Daily, 1979 - 2006
Monthly

Remark 1/ Scenarios were explained more details in appendices B.
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4.1.2.2 The comparative study of bias correction methods
4.1.2.2.1 Gamma-gamma (GG) transformation procedures

The Gamma-gamma (GG) transformation procedure was

modified from Ines (Ines, 2006). The detail of procedures followed as:

1) Correct the empirical distribution probability of observed
daily rainfall data (CDFobs), the threshold or minimum rainfall value was
defined as 0.1. Thus, the observed rainfall values under 0.1 would be

truncated.

2) Calculate the alpha and beta parameter in each month in
observed rainfall data by using maximum likelihood method. Thus, the
alpha (@) and beta (8) parameter was calculated from this equation as (Law

and Kelton, 1982):

B
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where u is the daily mean rainfall in each month.
S is the daily standard deviation rainfall in each month.

3) Calculate the alpha (&) and beta () parameter in each
months in raw GCM rainfall data by using maximum likelihood method as

Eq.l and 2.

4) Correct the empirical distribution probability of raw GCM
data (CDFgcm), the threshold or minimum rainfall value was defined as 0.1.

Thus, the raw GCM rainfall values under 0.1would be truncated.

5) Map the GCM rainfall data onto the probability of observed
rainfall data (CDFobs).
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6) Correct the gamma distribution of mapping GCM rainfall
(CDFgcm’) by using alpha and beta parameter from step 3. Thus, the alpha

and beta parameter were calculated from GCM rainfall data.

7) Transform the CDFgcm’ to the bias corrected GCM rainfall
data by inversing the gamma probability of CDFecm’ from step 6. Hence,
the alpha and beta parameter were calculated from observed rainfall data.
For GG transformation, the truncated daily GCM rainfall and historical
rainfall data are fitted to a two-parameter gamma distribution (Eg. 1) and
then the cumulative distribution (Eq. 2) of the truncated daily GCM rainfall
is mapped to the cumulative distribution of the truncated historical data
(Eg. 3). The shape and scale parameters (o and p) for each gamma

distribution are determined using Maximum Likelihood Estimation.

f(X: a,ﬂ) = ﬁ%a)xa—lexp (_ %) ’ X 2xTrunc (3)
F a,f) = [ f(O)dt @)
F(xgems @ Bleem) = F (Xnis; @, Bluis) (5)

The corrected GCM rainfall amount for the particular day can

be calculated by taking the inverse of Eq. (3) such that:

X'oem = FTHFOoiss @, Bliis)} (6)

8) Evaluate the result of bias corrected rainfall by the goodness

of fit test.
4.1.2.2.2 Standard deviation ratio bias correction procedures

1) Generate the monthly rainfall map for verifying data by using

the inverse distance weighted interpolation method.

2) Correct the bias of MRI GCMs precipitation data follow these
equations. The bias correcting technique, used in this study, was developed

by Cheng et.al. (2007) by using the following expression:
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Priscnew = (Pris-otd = Phis-o|d)sso+o (7

his—old
where Phis new and Pris og are predictions of monthly bias
correcting transfer functions for a GCM historical run after and before
correction. Sp and Spisoig are standard deviations of observations and model
predictions for the historical run, respectively. Phisoq and O are overall

averages of model predictions and observations.

3) Evaluate the result of bias corrected rainfall by the goodness

of fit test.
4.1.2.2.3 Hybrid bias correction procedures

The Hybrid Bias Correction Method was developed from
International Centre for Water Hazard and Risk Management. (Kazuhiko and
Hironori, 2009; Inomata et al., 2011). The approach can be concluded as

follow:

1) Generate probability density function (pdf) from MRI GCM
rainfall data and observed data on daily basis in year 1979 — 2006.

2) Separate MRI GCM rainfall data and observed data to 2 part
i.e. probability at 99.5% and probability at over top 0.5% (based on
comparison study of 99% - 99.9%)

3) Take the data from 2nd Process to Generate probability
density function (pdf).

4) Calculate the corrected ratio of each grid cells. For
probability 99.5% can be calculated by this equation :

Xg99590 = P = Ot (®)
GCM _Pre,qqsy,
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where aq9950, is the correction ratio at probability  99.5%;
P_Obsggsey is the observed rainfall at probability 99.5%; GCM_Preqgg 5o, is
the MRI GCM Rainfall data at probability 99.5%.

5) Take aq values for 4th process to multiply with MRl GCM
rainfall data at probability 99.5%

P _Pre gesy, = Qge0m X GCM _Pre gqq, 9)

where P_Pregg 59, is the bias corrected MRI GCM rainfall at

probability 99.5%

6) Find out correction ratio of each grid cells. For probability
over top 0.5%can be calculated by this equation :

4 A P _Obs,y
gq0.5%
GCM _Pr €40.5%

(10)

where aqos9, I the corrected ratio at probability over top
0.5%; P_Obsgsy is the observed rainfall at probability over top 0.5%;
GCM_Prego sy is the MRI GCM rainfall at probability over 0.5%.

7) Take aq values for 6th process to multiply with MRl GCM
rainfall data at probability over top 0.5%

P _Prey sy, = s XGCM _Pre g, (11)

where P_Preqpsy is the downscaled MRI GCM rainfall data

at probability over top 0.5%

8) Merge the downscaled MRI GCM rainfall data from 5th and
6th together that is the downscaled MRI data in period 1979 — 2006.

9) Evaluate the result of bias corrected rainfall by the goodness

of fit test.
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4.1.2.2.4 Modified rescaling bias correction procedures

1) Collected and studied observed rainfall in Nan River Basin
from Royal Irrigation Department (RID) and Thai Meteorological Department

(TMD).

2) Collected MRI GCM precipitation in Nan River Basin from

Meteorological Research Institute (MRI, Japan).

3) Correct the bias of the MRI GCMs precipitation data follow

these equations:
R

obs

R . (12)

mri

o/ =

4) Minimize the root mean square error from this equation:

13 2
RMSE = [— R —-R .
\/nlzzll( obs mrl) (13)
where a is the bias Correction factors in each grids;
Rops is the monthly mean observed rainfall, mm/month; Ry is the

monthly mean MRI rainfall, mm/month.

5) Calculate the bias corrected rainfall follow this equation:

R a*R

bias T mri

where a is the bias corrected factors in each grid;

Ruriis the monthly mean MRI rainfall, mm/month.

6) Evaluate the result of bias corrected rainfall by the goodness

of fit test.

4.1.3 The change on hydrological variables

The hydrological variables in this study include three groups of
variables such as the climate group, the water demand rate group and runoff

group. The detail of change evaluation procedures follow as:
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4.1.3.1 Data collection for the change on hydrological variables

The data collection for hydrological variables included the
observed and GCM climate data such rainfall, temperature, relative humidity
and runoff etc. shown as Table 4.3. Furthermore the future bias corrected
rainfall would be used to apply with the future period. For the runoff group
includes observed rainfall, observed runoff, characteristic of sub basin and
land use map. For the observed data was collected in year 1979 - 2011, the
GCM climate data was collected in near future (year 2015 - 2039) and far
future (year 2075 — 2099), respectively.

4.1.3.2 The change evaluation on climate and water demand rate

procedures

1) Collect the observed climate data (year 1979 - 2006) included
rainfall, maximum, minimum and mean temperature, relative humidity, solar

radiation, wind speed and sunshine duration.

2) Collect the present (year 1979 — 2006) and future MRI GCM climate
data (year 2015 - 2039 and 2075 - 2099) included rainfall, maximum,

minimum and mean temperature, relative humidity.

3) Follow the hybrid bias correction method for correcting the bias of
climate data in the present period and find out the corrected ratio. And then
correct the bias of future GCM climate data (year 2015 - 2039 and 2075 -
2099) by using age9s% correction factor from Eq.(6) and agos% correction

factor from Eq.(8) multiply with future MRI GCM climate data as this equation:

P_ Fqugls% = Qo905 X GCM _ Fqugls% (14)

P _FUyos0 = o0 X GCM _Fu g, (15)
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where GCM_Fugeess is the future MRI GCM climate data at
probability 99.5%; GCM_Fugsy is the future MRI GCM climate data at
probability over top 0.5%; P_Fugesse is the bias corrected future MRI GCM
climate data at probability 99.5%; and P_Fugsy is the bias corrected future

MRI GCM climate data at probability over top 0.5%.

Table 4.3 List of data collection for hydrological variables

Data Agency Time scales Duration
a) climate group, water demand unit group
Observed rainfall Thai Meteorological Department and Royal Daily 1979 - 2011
Irrigation Department

Observed maximum temperature Thai Meteorological Department Daily, Monthly 1979 - 2011

Observed minimum temperature Thai Meteorological Department Daily, Monthly 1979 - 2011

Observed mean temperature Thai Meteorological Department Daily, Monthly 1979 - 2011

Observed relative humidity Thai Meteorological Department Daily, Monthly 1979 - 2011

MRI-A1B precipitation Meteorological Research Institute, Japan Daily, Monthly 1979 - 2006,
2015 - 2039,
2075 - 2099

MRI-A1B maximum temperature Meteorological Research Institute, Japan Daily, Monthly 1979 - 2006,
2015 - 2039,
2075 - 2099

MRI-A1B minimum temperature Meteorological Research Institute, Japan Daily, Monthly 1979 - 2006,
2015 - 2039,
2075 - 2099

MRI-A1B mean temperature Meteorological Research Institute, Japan Daily, Monthly 1979 - 2006,
2015 - 2039,
2075 - 2099

MRI-A1B relative humidity Meteorological Research Institute, Japan Daily, Monthly 1979 - 2006,
2015 - 2039,
2075 - 2099

Crop consumption coefficient Royal Irrigation Department

b) runoff group

Rainfall station (shape file) Royal Irrigation Department

Runoff station (shape file) Royal Irrigation Department

Observed rainfall Thai Meteorological Department and Royal Daily 1979 - 2012

Irrigation Department

Observed runoff Royal Irrigation Department Daily 1979 - 2012

Observed inflow Electricity Generating Authority of Thailand Daily 1979 - 2012

Charcteristic of sub basin Royal Irrigation Department

Land use in year 2009 (shape file) Land Development Department
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4) Estimate the irrigation water demand in Phitsanulok and Chao
Phraya Irrigation Project for present period (year 1979 — 2006) and future
period (year 2015 — 2039 and 2075 - 2099) by using the bias corrected GCM
climate data. Hence, the cropping pattern in Nan and Lower Chao Phraya
were applied to the irrigated area. The irrigation water demand can be

estimated from these equations follow as:

ET = Kcx Eto (15)

Wir:(ET+P—Re)><A
Eff

where W, is the irrigation water demand, MCM; ET is water
consumption of plant, mm; P is the percolation in paddy field, mm/month,
assume 2 mm/day; Re is the effective rainfall, mm/month; A is the irricated
area, rais, assume 1000 rais; Kc is the crop consumption coefficient; Eto is the
reference evapotranspiration, mm/month; and Eff is the efficiency of irrigation

system.

For the reference evapotranspiration was calculated by

Penman Monteith (Smith, 1992).

0.408A(R, —G) + ;/ﬂuz(eS —-e,)
ET T+273 (17)

3 A+y(1+0.34U,)

where ET, is reference evapotranspiration, mm day-1; R, is
net radiation at the crop surface, MJ m_2 day_l; G is soil heat flux density, MJ
m_2 day'l, T is mean air temperature at 2 m height, °C, Ais slope vapour

pressure curve, kPa °C , y is psychrometric constant, kPa °C , U, is wind

speed at 2 m height, m sfl, (es-ea ) is saturation vapour pressure deficit, kPa.

5) Evaluate the change on climate data and water demand unit by

comparing future results with the present period results.
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4.1.3.3 The change evaluation on runoff

In the runoff estimate adopted HEC-HMS rainfall-runoff model
that produced by the Hydrologic Engineering Centre of US Army Corps of
Engineers. This study focused on the runoff parameter estimation based on
the rainfall pattern. Thus, this study attempted to find out the relationship
between the rainfall pattern and runoff parameters included the initial
abstraction (Int), curve number (CN) and storage clark coefficient (Sc). The

overview of rainfall-runoff simulation procedures follow as:

1) Collect hydrological data such as such as observed rainfall,

observed runoff and inflow of Sirikit Dam.

2) Estimate the initial runoff parameters included the initial
abstraction (Int), curve number (CN), storage clark number (Sc), Time of
concentration (tc), Storage coefficient (R), Muskingum X value and Muskingum

K value.

3) Estimate the baseflow in each sub basin by the relationship

equation between the minimum flow and the previous 1 month rainfall.

4) Input the variables and parameter into the HEC-HMS rainfall -

runoff model.
5) Simulate the runoff in each year: 1990 -2007.

6) Calibrate the rainfall-runoff model in each year : 1990 -2007 by

optimizing the runoff volume/direct runoff parameters, CN, Int and Sc.

7) Estimate parameter functions by setting up the rainfall pattemn
characteristic and formulating the parameter function from the accumulative

rainfall and runoff parameter.

8) Evaluate the efficiency of runoff parameter by re-simulating the

runoff by the runoff parameter functions in year 1990 — 2007.
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9) Verify the accuracy of rainfall-runoff model and parameter

functions by simulating runoff in year 1979 - 1989.

10) Apply runoff parameter functions to simulate runoff by using the
bias corrected rainfall in present (1979 — 2006) near future (2015 - 2039) and
far future (2075 - 2099) period.

11) Evaluate the monthly runoff change in near future (2015 - 2039)
and far future (2075 - 2099) period.

4.2 Impact assessment on the existing reservoir operation
4.2.1 Data collection for the existing reservoir operation

The data collection for adaptive reservoir operation included the
hydrological data, the related water demand estimated data and reservoir
operation data. Hence, the hydrological data included rainfall and runoff at the
observed gauge stations. The characteristic of reservoir included height — volume
— area curve, crest of spillway, maximum storage level, normal storage level,
dead storage level, existing reservoir rule curve and improving reservoir rule curve
that propose by RID (RID, 2012). For the reservoir operation data of Sirikit and
Bhumibol dam included the inflow, the release, the water level and the storage

that recorded by EGAT. The list of data collection shows as Table 4.4.

Table 4.4 List of data collection for the existing reservoir operation

Data Agency Time scales Period

Observed rainfall Thai Meteorological Department (TMD) and Daily 1979 - 2012
Royal Irrigation Department (RID)

Observed runoff Royal Irrigation Department (RID) Daily 1979 - 2012

Observed inflow Electricity Generating Authority of Thailand Daily 1979 - 2012
(EGAT)

Reservoir operation data Electricity Generating Authority of Thailand Daily/Monthly 1979 - 2012
(EGAT)

Reservoir characteristics Electricity Generating Authority of Thailand
(EGAT)

Water allocation Royal Irrigation Department (RID) Monthly 1979 - 2009

Cultivated area Royal Irrigation Department (RID) Seasonal 1979 - 2009
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4.2.2 Existing reservoir operation modeling

The objective of existing reservoir operation modeling is to assess
the impact of climate change on the reservoir water balance via the existing
reservoir operations. This study adopted the release — storage ratio method to
deal with the reservoir operation based on the storage of reservoir (Hanasaki et.
al. 2003). Hence, this study modified the release - storage ratio to formulate the
release rules for the water season base on the antecedent storage which can
manage the reservoir in any situation. The impact assessment on the existing

reservoir operation shows as Figure 4.3.

The existing reservoir operation in this thesis is considered 2
release rules which based on reservoir operation rule curves as shown in Table
2.13 and Figure 2.10. These release rules include general and flood release rules.
The general release rule is the previous reservoir operation rule which used to
regulate the reservoir in the year 1979 - 2011. While the flood release rule is the
revised reservoir operation rule which suggested to regulate the reservoir by the

government of Thailand in year 2012.

Collect and enter the input variables into the
reservoir operation model

Collect the historical ¥
cultivated area and basically Dewvelop the reservoir operation model based on
information for water demand reservoir water balance equation
estimation *  Assign the reservoir characteristics
Develop the water demand Develop the water network balance model by
dec_lsmn maklrl_g mOdL_'Ie by calibrating and verifying model
using probability decision
tree method '1'

Develop the release decision making rules
- General dam operation
- Flood dam operation

Apply the general and flood release rules into the
reservoir operation model

Assess the impact of climate change on the
reservoir water balance, water shortage, spillage
and runoff at the downstream

Figure 4.3 The impact assessment procedures on the existing reservoir operation
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The impact assessment procedures on the existing reservoir

operation modeling follow as:

1) Collect and enter the input variables into the reservoir
operation model included rainfall, maximum and minimum temperature,

relative humidity, initial storage, inflow and the reservoir characteristics.

2) Collect the historical cultivating area and basically
information for water demand estimation in Phisanulok and Chao Phraya

irrigation Projects.

3) Develop the reservoir operation model based on reservoir

water balance equation.

- Enter the input variables into the reservoir operation model
included rainfall, maximum and minimum temperature, relative humidity,

initial storage and inflow based on monthly basis.

- Assign the reservoir characteristics such as height — volume -
area curve, crest of spillway, maximum storage level, normal storage level,

dead storage level and reservoir rule curve.

4) Develop the water demand decision making module by using
probability decision tree method to classify from the storage at the end of
season and estimate the water demand unit bases on the climate condition

(see detail in Appendix D.1.6).

5) Develop the water network balance model by calibrating and
verifying model with the observed runoff and integrate this model to reservoir

operation model (see detail in Appendix F).

6) Develop the release rules as the water release decision
module by calculating the release - storage ratio for general and flood control

operation of Sirikit Dam and Bhumibol Dam (as shown in Table D.2 and D.3).



14

7) Apply the general and flood control release rules into the
reservoir operation model. For the general and flood dam operation rules, the

release (Ot) can be calculate by the following equation:
O, =r.xS,, (18)

where Oy is the amount of water release in the present month,
Mm3/month; r; is release-effective storage ratio, month_1; Set1 is the antecedent
storage.

8) Assess the impact of climate change on the existing reservoir
operation such as reservoir water balance, spillage, water shortage and stream

flow at the downstream.

4.3 Adaptive reservoir operation development

The adaptive reservoir operation is to modify reservoir operation
rules to deal with the water demand, water shortage and flood. This reservoir
operation was adjusted from general reservoir operation and apply ANFIS
technique to establish the ANFIS release decision making module. The adaptive
reservoir operation development procedure shown in Figure 4.4. The list of data
collection for adaptive reservoir operation development shows as Table 4.4 as

same as the existing reservoir operation modeling.

The adaptive reservoir operation development procedures follow

as:

1) Create the probability of antecedent effective storage and
determine the water season, set up the water season in wet and dry season; and
then classify the state variables for training the ANFIS release functions included

input and output variables by using probability decision tree method.

2) Formulate the adaptive neurofuzzy inference system (ANFIS)
release rules by calibrating and verifying the release rule with the actual dam

operation.
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Create the probability of antecedent effective
storage and determine the water season

|

Classify the state variables for training the ANFIS
release functions

|

Develop the ANFIS dam operation model by
—> integrating : le—
ANFIS water release decision making rules

Develop ANFIS water release
decision making rules

Develop the reservoir water
balance module

Water demand decision making module
Reservoir water balance module
Water network balance module

Develop the water demand
decision making module

l«— Develop the water network
balance module

!

Explore capability of ANFIS reservoir operation

\ 4

Modify ANFIS reservoir operation model and
calibrate for suitable membership functions

A 4

Apply ANFIS* for reservoir adaptation

Figure 4.4 The adaptive reservoir operation development procedures

3) Develop the ANFIS dam operation model by integrating the
ANFIS water release decision making rules, the water demand decision making
module, the reservoir water balance module and the water network balance

module.

4) Explore capability of ANFIS reservoir operation by modeling the

ANFIS reservoir operation and comparing with the actual reservoir operation.

5) Modify ANFIS reservoir operation model (called ANFIS*) and
calibrate for suitable membership functions by adjusting general dam operation

to minimize water deficit and spillage.

6) Apply the ANFIS* dam operation model by using the bias
corrected GCM hydrological input variables.

7) Compare and conclude the ANFIS* dam operation under GCM

climate condition.



CHAPTER V
BIAS CORRECTION OF GCM AND CHANGE ON VARIABLES

5.1 Introduction

Climate models are the primary tools available for investigating
the response of the climate system to various forcings, for making climate
predictions on seasonal to decadal time scales and for making projections of
future climate over the coming century and beyond (IPCC, 2013). Climate
scenarios are plausible representations of the future that are consistent with
assumptions about future emissions of greenhouse gases and other pollutants
and with our understanding of the effect of increased atmospheric concentrations
of these gases on global climate (IPCC, 2001). The applicability of these scenarios
is to provide information on the expected change in global climate due to future
human activities and the effect of expected changes in climate on natural
systems. The suitable climate model and its scenarios is necessary for evaluating
bias correction methods. There are many available GCMs in IPCC database such
as CCSR model, CSIRO model, ECHAM4/0OPYC3 model, GFDL model, HadCM3
model, CCCma3 model and MRI AGCM model.

The CCSR model used here is a coupled ocean-atmosphere model
that consists of the CCSR/NIES atmospheric GCM, the CCSR ocean GCM, a
thermodynamic sea-ice model, and a river routing model (Abe-Ouchi et al., 1996).
The spatial resolution is T21 spectral truncation (roughly 5.6° latitude/longitude)
and 20 vertical levels for the atmospheric part, and roughly 2.8° horizontal grid

and 17 vertical levels for the oceanic part.

The CSIRO Atmospheric Research Mark 2b climate model (Hirst et
al,, 1996, 1999) has recently been used for a number of more sophisticated
climate change simulations. The CSIRO model includes the Gent-McWilliams
mixing scheme in the ocean and shows greatly reduced climate drift relative to

earlier versions (e.g. Dix and Hunt, 1998).
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The ECHAM4/OPYC3 model was developed at the Max Planck
Institute in Hamburg, Germany, using the weather forecasting model (ECMWF) and
a comprehensive parameterisation package developed at Hamburg therefore the
abbreviation HAM) which allows the model to be used for climate simulations.
ECHAM4 uses 2.80x2.80 grid cells of a 19-layer atmosphere and an 11-layer
ocean (Roeckner et al., 1996). The model is a spectral transform model with 19
atmospheric layers and the results used here are derived from experiments
performed with spatial resolution T42 (which approximates about 2.8°

longitude/latitude resolution).

The GFDL model was performed using the coupled ocean-
atmosphere model (described in Manabe et al. (1991) and Stouffer et al., (1994)).
The model has interactive clouds and seasonally varying solar insolation. The
atmospheric component has nine finite difference (sigma) levels in the vertical.
This version of the model was run at a rhomboidal resolution of 15 waves (R15)
yielding an equivalent resolution of about 4.5° latitude by 7.5° longitude. The
model has global geography consistent with its computational resolution and
seasonal (but not diurnal) variation of insolation. The ocean model is based on
that of Byan and Lewis (1979) with a spacing between grid points of 4.5° latitude

and 3.7° longitude . It has 12 unevenly spaced levels in the vertical dimension.

The HadCM3 has a spatial resolution of 2.5° x 3.75° (latitude by
longitude) and the representation produces a grid box resolution of 96 x 73 grid
cells. This produces a surface spatial resolution of about 417 km x 278 km
reducing to 295 x 278km at 45 degrees North and South (comparable to a
spectral resolution of T42). The equilibrium climate sensitivity (DT2x) of HadCM3,
that is the global-mean temperature response to a doubling of effective CO2
concentration, is approximately 2.5°C, although, this quantity varies with the time-

scale considered.

The CCCma3 is run at two different resolutions and has a surface

grid whose spatial resolution is roughly 2.8 degrees lat/lon and 31 levels in the
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vertical. As before the ocean grid shares the same land mask as the atmosphere,
but in this case there are 6 ocean grids underlying every atmospheric grid cell.
The ocean resolution is therefore approximately 1.4 degrees in longitude and
0.94 degrees in latitude. This provides slightly better resolution of zonal currents
in the tropics, more nearly isotropic resolution at mid latitudes, and somewhat

reduced probles with converging meridians in the Arctic (Flato and Hibler, 1992).

The MRI AGCM data was run during the period 1979-2006 on a
daily basis. The concentrations of greenhouse gases (CO,, CHg4, N,O) and aerosols
in the scenario simulation with MRI-CGCM were based on the IPCC Special Report
on Emission Scenario (SRES) A1B, which assumes CO, increases about twice in
concentration between the periods. However, the nesting of high-resolution
regional model is known to have high dependency on the lateral boundary
forcing and significant inability to represent regional-global-scale interaction
comprehensively due to lack of two-way nesting for feedback with the forcing
GCM input. Time-slice numerical simulations were made wusing a high
performance super computer, the Earth Simulator, which was jointly developed
by Japan Meteorological Agency (JMA) and Meteorological Research Institute
(MRI), Japan has been used for global warming projection (Kitoh, 2008).

The emission scenarios were developed by the IPCC and
published as a Special Report on Emissions Scenarios (SRES). The Al scenario
assumes rapid economic growth, a global population that will reach 9 billion in
2050 and then gradually declines, and the quick spread of new and efficient
technologies. Major underlying themes are convergence among regions, capacity
building and increased cultural and social interactions, with a substantial
reduction in regional differences in per capita income. For the A1B scenario
where balanced is defined as not relying too heavily on one particular energy
source, on the assumption that similar improvement rates apply to all energy
supply and end-use technologies. The B1 scenarios are of a world more
integrated, and more ecologically friendly. The B1 scenarios are characterized by
rapid economic growth as in Al, but with rapid changes towards a service and

information economy, population rising to 9 billion in 2050 and then declining as
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in Al, reductions in material intensity and the introduction of clean and resource
efficient technologies and an emphasis on global solutions to economic, social
and environmental stability. For scenarios A2 and B2, two contrasting future
emission scenarios were used to account for uncertainty for future GHGs/sulphate
emissions data. The A2 scenario assumes an emphasis on local traditions, high
population growth, and less concern for rapid economic development. The B2
scenario envisages less rapid, and more diverse technological change with
emphasis on community initiative and social innovation to find local, rather than
global solutions. This scenario is oriented toward environmental protection and

social equity (Nakicenovic and Swart, 2000).

5.2 GCM selection

For this study, monthly precipitation scenarios from seven GCMs
(21 experiments) were downloaded from the IPCC data centre. (http://www.ipcc-
data.org/) prepossessed to use in the analysis, including CCSR (Center for Climate
System Research National Institute for Environmental Studies Japan), CSIRO
(Australia's Commonwealth Scientific and Industrial Research Organisation
Australia), ECHAM4 (Max Planck Institute far Meteorologie Germany), GFDL
(Geophysical Fluid Dynamics Laboratory USA), HADCM3 (Hadley Centre for
Climate Prediction and Research UK) and CCCMA3 (Canadian Center for Climate
Modeling and Analysis Canada). Another one is MRI GCM was distributed by

Meteorological Research Institute Japan.

Summaries of the GCMs, including their type and spatial resolution
are presented in Table 5.1. Sixty-five stations were used to compare the
observed values and GCMs data. The GCM ability was checked for precipitation
using statistical parameters: namely, root mean square error (RMSE) coefficient of
determination (R”), standard error (SE), and standard deviation (SD). Precipitation
values at station location were taken from the processed GCMs scenarios based

on their location (latitude and longitude).
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GCM Name Scenario Type Model Resolution Data Period
CCSR-A2 SRES — A2 2.8°x28° 1979 - 2006
CSIRO-A2 SRES - A2 3.2°x5.6° 1979 - 2006

ECHAMA-A2 SRES — A2 2.8°x28° 1990 - 2006
GFDL-A2 SRES — A2 3.75° x 2.25° 1979 - 2006

HadCM3-A2 SRES — A2 25°x3.75° 1979 - 2006

CCCma3-A2 SRES — A2 3.75° x 3.75° 1979 - 2006

MRI-A2 SRES — A2 0.1875° x 0.1875° 1979 - 2006
CCSR-B2 SRES - B2 2.8°x2.8° 1979 - 2006
CSIRO-B2 SRES - B2 3.2°%x5.6° 1979 - 2006

FCHAM4-B2 SRES - B2 2.8°%x2.8° 1990 - 2006
GFDL-B2 SRES - B2 3.75" x 2.25° 1979 - 2006

HadCM3-B2 SRES - B2 25°x3.75° 1979 - 2006

CCCma3-B2 SRES - B2 3.75" x 3.75° 1979 - 2006

MRI-B2 SRES - B2 0.1875° x 0.1875° 1979 - 2006
CCSR-A1B SRES — A1B 2.8°%x2.8° 1979 - 2006

CSIRO-A1B SRES - A1B 3.2°%x 5.6 1979 - 2006

FCHAM4-A1B SRES — A1B 2.8°%x2.8° 1990 - 2006
GFDL-A1B SRES — A1B 3.75" x 2.25° 1979 - 2006

HadCM3-A1B SRES - A1B 2.5°x 3.75° 1979 - 2006

CCCma3-A1B SRES - A1B 3.75° x 3.75° 1979 - 2006
MRI-A1B SRES — A1B 0.1875° x 0.1875° 1979 - 2006

The results revealed a considerable variability regarding the GCM
simulation for the observed precipitation. The MRI GCMs model is good in

simulating the magnitude of spatial variability over the study area. The RMSE,
CCSR, and MRI showed the lowest value, whereas the GFDL and CSIRO had the

highest errors. The coefficient of determination values of the MRI model were

mostly between 0.53 — 0.69, whereas the CCSR and MRI models were closest to

the observed standard deviation.

The statistical characteristics of precipitation

data are summarized in Table 5.2. The mean of GCM precipitation was compared

with the observed data shown in Figure 5.1. According to the MRI model, it has

finer resolution grids that can represent local climate data. The trend in monthly
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mean precipitation of the CCCma3 and MRI models correspond to observed data,
as shown in Figure 5.1. Observed precipitation was calculated by using Inverse
Distance Weighing (IDW) method based on the data from 64 rainfall stations. The
location of the stations is shown in Figure 2.2. From the statistical parameters of
GCM data it was found that the MRI GCM data were more consistent with the

observed data.

The GCM precipitation data were evaluated according to the
accuracy of the GCM precipitation data in the present period (1979 - 2006). The
goodness of fit tests were used to perform the accuracy in this study such as root
mean square error (RMSE), determination of correlation (RZ), standard error (SE)
and the standard deviation (SD). A comparison of goodness of fit tests of GCM
precipitation data is shown in Table 5.2. Although Sharma selected the various
GCMs for impact assessment on water resources in the Ping and Mae Klong River
Basin, it was found that the CSIRO-MK2 and ECHAM4 model were good
representatives in terms of magnitude and the spatial variability of precipitation
(Sharma, 2007). However the results of this thesis revealed that CSIRO-MK2 and
ECHAM4 model give a higher RMSE and lower R’ compared with the other GCMs.
Because the grid size of both models was very coarse and the characteristic of
the Nan River Basin was higher spatial variability from the quite different
elevation between the mountainous area at upper Nan River Basin and the flood
plain area at the lower Nan River Basin. These both models can not represent the

rainfall pattern in the basin scale.



Table 5.2 Statistical summary of monthly

raw GCM precipitation
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compared with

observed

Obseved/GC | ¢ onario | Mean | D R RMSE SE

8 (mm/day) Range Mean Range Mean Range Mean
Observed 3.37 291
CCSR A2 3.87 3.55 0.33 - 0.62 0.49 2.40 - 3.68 2.81 2.18 -2.92 247
CSIRO A2 1.66 1.5 0.00 - 0.08 0.03 332 -6.01 4.23 1.10 - 2.18 1.48
ECHAM A2 3.33 3.83 0.19 - 0.54 0.35 2.73 - 386 3.31 2.50 - 3.52 3.00
GFDL A2 0.70 1.09 0.00 - 0.06 0.02 3.69 - 6.55 4.69 0.79 - 1.20 1.08
HadCM3 A2 3.72 4.46 0.25-10.53 0.48 3.21-4.79 3.77 271 -4.35 3.53
CCCma3 A2 3.55 4.08 0.27 - 0.51 0.41 3.03-4.24 3.36 2.86 - 3.47 3.13
MRI A2 552 4.08 0.45 - 0.59 0.52 1.90 - 4.89 2.49 1.43-4.23 2.01
CCSR B2 3.93 3.56 0.34 - 0.63 0.49 2.15-3.49 2.82 2.02-3.16 2.59
CSIRO B2 1.74 1.52 0.00 - 0.08 0.04 3.23-6.01 4.16 1.16 - 2.22 1.49
ECHAM B2 2.66 2.83 0.21 - 0.47 0.34 2.65-4.02 3.34 234 -3.42 2.88
GFDL B2 0.57 1.03 0.00 - 0.03 0.01 377 - 6.64 4.8 1.01 - 1.04 1.02
HadCM3 B2 3.81 a.57 0228510153 0.35 3.32-4.90 3.92 2.83 - 4.45 3.68
CCCma3 B2 3.59 3.54 0.21 - 0.49 0.35 294 -4.16 3.55 2.36 - 3.58 297
MRI B2 2.89 214 0.48 - 0.63 0.56 1.84 - 4.54 3.19 1.32 - 4.89 3.11
CCSR Al1B 3.90 3.50 0.29 - 0.54 0.42 224 -372 2.98 2.05-3.19 2.62
CSIRO Al1B 1.70 0.76 0.07 - 0.18 0.13 291 -534 413 1.78 - 2.97 2.38
ECHAM AlB 2.99 3.18 0.24 - 0.49 0.37 2.11-3.56 2.84 2.30 - 3.62 2.96
GFDL Al1B 0.63 1.78 0.08 - 0.10 0.09 3.69 - 8.55 6.12 0.70 - 1.09 0.90
HadCM3 Al1B 3.76 4.15 0.19 - 0.44 0.32 3.34 - 4.85 4.10 256 -4.21 3.39
CCCma3 Al1B 3.64 4.23 0.23 - 0.49 0.40 3.15-4.33 3.48 3.06 - 3.58 3.28
MRI Al1B 4.38 3.48 0.53 - 0.69 0.68 1.90 - 4.89 2.49 1.43-4.23 2.01

* Analyses data period is only from 1990 — 2006, unit : mm/day
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Figure 5.1 Trend of monthly mean raw GCM precipitation for Nan River Basin
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The GCM climate data which used to study the climate change in this
study included maximum, minimum and mean temperature, and relative humidity.
The statistical summary of monthly GCM climate data was shown in Table 5.3 to 5.6.
It was found that the maximum temperature, CCSR, CSIRO, ECHAM and MRI GCM
climate provided the higher correlation compared with the observed values. On the
other hand, ECHAM4, CCCma and MRI provided the higher correlation in minimum
temperature. From the results of correlation, the MRI-A1B was selected to study the
impact of climate change. For the ECHAM4 and MRI provided the higher correlation
in mean temperature. Furthermore, the mean of GCM maximum, minimum and
mean temperature were compared with the observed data shown in Figure 5.2 to

5.3.

Table 5.3 Statistical summary of monthly raw GCM maximum temperature

Observed/6M | s erario | Mean | SD R’ RMSE SE

qe) g Range Mean Range Mean Range Mean
Observed 33.59 1.97
CCSR A2 34.18 5.38 0.45-0.48 0.46 399 -4.29 4.14 4.02-4.2 4.11
CSIRO A2 33.52 4.23 0.45 - 0.46 0.45 2.96 - 3.34 3.15 3.1-3.46 3.28
ECHAM A2 34.89 2.67 0:3%0:32 0.31 2.45-2.61 253 2.23-241 232
GFDL A2 35.64 4.54 0.24 - 0.26 0.25 397 -4.62 4.295 3.86 - 4.39 4.125
HadCM3 A2 34.69 1.26 0.13-0.26 0.195 2.72-3.03 2.875 1.04 - 1.33 1.185
CCCma3 A2 33.57 2:39, 0.17 - 0.29 0.23 2-248 2.24 1.94 - 2.47 2.205
MRI A2 30.84 2.08 0.48 - 0.63 0.56 3.07-3.12 3.10 1.21-1.72 1.47
CCSR B2 31.16 5.04 0.44 - 0.46 0.45 4.39 - 4.67 4.53 3.88-3.93 3.905
CSIRO B2 33.03 3.48 0.4 -0.45 0.43 1.92-3.75 2.835 1.98 - 3.51 2.745
ECHAM B2 33.19 2.60 0.32-0.35 0.34 2.07-2.18 213 2.13-2.33 223
GFDL B2 32.18 4.37 0.26 - 0.29 0.27 3.75-3.99 3.87 3.62-4.19 3.905
HadCM3 B2 34.80 1.29 0.11-0.22 0.17 2.75-3.06 2.905 1.09 - 1.39 1.24
CCCma3 B2 33.40 2.54 0.16 - 0.3 0.23 2.09 - 2.61 2.35 2.01-2.68 2.35
MRI B2 30.34 2.08 0.46 - 0.63 0.55 3.13-4.02 3.58 1.23-1.72 1.48
CCSR Al1B 32.58 5.48 0.44 - 0.45 0.45 4-471 4.36 4.02 - 4.55 4.29
CSIRO AlB 3293 4.48 0.45-0.48 0.47 3.34 - 3.39 3.37 3.37-3.49 3.43
ECHAM Al1B 34.04 2.64 0.31-0.33 0.32 2.09 -2.26 2.18 2.18 - 2.37 2.28
GFDL AlB 3391 4.45 0.25-0.27 0.26 3.42-3.98 3.70 3.74 -4.29 4.02
HadCM3 Al1B 34.74 1.27 0.12-0.24 0.18 2.73-3.05 2.89 1.06 - 1.36 1.21
CCCma3 Al1B 33.51 2.45 0.16 - 0.32 0.24 1.98 - 2.55 2.265 1.94 - 2.57 2.255
MRI A1B 30.43 2.04 0.48 - 0.63 0.56 3.02-393 3.475 1.21-1.67 1.44




Table 5.4 Statistical summary of monthly raw GCM minimum temperature
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Observed/GCM Scenario Mean SD R2 RMSE SE

Q) 0 Range Mean Range Mean Range Mean
Observed 22.58 273
CCSR A2 22.75 2.88 0.18-0.3 0.24 254 -294 2.74 2.34-2.93 2.635
CSIRO A2 22.51 2.53 0.33-0.45 0.39 2.1-231 2.205 1.89 - 2.26 2.075
ECHAM A2 26.76 1.58 0.43-0.53 0.48 4.54 - 4.65 4.595 1.18 - 1.19 1.19
GFDL A2 23.71 1.91 0.12-0.44 0.28 2.29-291 2.6 1.35-2.07 1.71
HadCM3 A2 26.03 1.18 0.44 - 0.56 0.5 1.71 - 6.87 4.29 0.52 - 1.17 0.845
CCCma3 A2 22.58 1.02 0.28 - 0.75 0.515 1.65-2.56 2.105 0.66 - 0.68 0.67
MRI A2 22.83 2.18 0.91-0.94 0.93 0.83-0.89 0.86 0.58 - 0.63 0.61
CCSR B2 20.45 2.89 0.17-0.24 0.205 3.32-3.78 3.55 242 -2.99 2.705
CSIRO B2 21.18 P52 0.31-0.38 0.345 26-28 2.7 1.98 - 2.32 2.15
ECHAM B2 25.35 1.58 0.43-0.53 0.48 328 -3.44 3.36 1.18 - 1.19 1.19
GFDL B2 21.41 1.89 0.09 - 0.36 0.225 2.61-283 2.72 1.39-2.11 1.75
HadCM3 B2 26.11 1.13 0.47 - 0.57 0.52 1.72-6.93 4.325 0.47-1.13 0.8
CCCma3 B2 22.43 1.08 0.24 - 0.69 0.47 1.74 - 2.55 2.15 0.69 - 0.81 0.75
MRI B2 22.33 2.10 0.91 - 0.92 0.92 0.88 - 1.08 0.98 0.62 - 0.65 0.64
CCSR AlB 21.68 291 0.18 - 0.27 0.23 2.72-3.15 294 2.4 -298 2.69
CSIRO Al1B 21.86 2.55 0.33 - 0.42 0.38 2.27 - 2.46 2.37 1.95-2.29 2.12
ECHAM AlB 26.06 1.58 0.43 - 0.53 0.48 3.89 - 4.04 397 1.18 - 1.19 1.19
GFDL Al1B 22.56 1.90 0.11-04 0.26 2.16 - 2.63 2.40 1.37-2.09 1.73
HadCM3 Al1B 26.07 1.16 0.46 - 0.57 0.52 1.71-6.9 4.31 0.49 - 1.15 0.82
CCCma3 Al1B 22.56 1.07 0.27-0.72 0.50 1.66 - 2.55 2.105 0.7-0.75 0.725
MRI Al1B 22.43 2.14 0.93-0.94 0.935 0.83-0.95 0.89 0.55-0.58 0.565
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Table 5.5 Statistical summary of monthly raw GCM mean temperature

Observed/GCM Scenario Mean SD R2 RMSE SE

Q) 0 Range Mean Range Mean Range Mean
Observed 27.93 2.27
CCSR A2 28.29 3.87 0.18 - 0.21 0.195 3.23-3.58 3.405 3.42 -3.89 3.655
CSIRO A2 27.97 3.22 0.23-0.28 0.255 2.68 - 2.81 2.745 2.8 -3.03 2915
ECHAM A2 28.92 1.55 0.35-0.48 0.415 1.86 - 2.04 1.95 1.07 - 1.43 1.25
GFDL A2 29.49 2.80 0.06 - 0.07 0.065 3.06 - 3.69 3.375 248 - 3.2 2.84
HadCM3 A2 28.78 0.76 0.07 - 0.12 0.095 2.17-2.35 2.26 0.75-0.77 0.76
CCCma3 A2 27.83 1.40 0.07-0.12 0.095 1.63-19 1.765 1.04 - 1.25 1.145
MRI A2 26.31 1.69 0.55-0.73 0.64 2.06 -2.12 2.09 0.88 - 1.24 1.06
CCSR B2 25.44 3.88 0.16 - 0.22 0.19 399-443 4.21 3.46 - 3.86 3.66
CSIRO B2 26.32 3.26 0.2-0.28 0.24 3:15-3.31 3.23 2.89 - 3.06 2.975
ECHAM B2 27.51 1.55 0.35-0.48 0.42 1.68 - 1.79 1.74 1.07 - 1.43 1.25
GFDL B2 26.62 2.78 0.06 - 0.08 0.07 3.15-3.38 3.265 2.45-3.17 2.81
HadCM3 B2 28.87 0.70 0.08 - 0.13 0.11 2.19 - 2.37 2.28 0.69 - 0.71 0.7
CCCma3 B2 27.68 1.47 0.08 - 0.13 0.11 1.72-2.02 1.87 1.14 - 1.37 1.26
MRI B2 25.80 1.65 0.51 - 0.69 0.60 22-293 257 0.94 -1.24 1.09
CCSR AlB 26.96 3.90 0.17 - 0.22 0.20 334 -3.74 3.54 3.46 - 3.88 3.67
CSIRO Al1B 27.16 3.26 0.22 - 0.29 0.26 2.81-294 2.88 2.86 - 3.04 2.95
ECHAM AlB 28.22 1,55 0.35-0.48 0.42 1.62-1.8 1.71 1.07 - 1.43 1.25
GFDL Al1B 28.05 2:09 0.06 - 0.08 0.07 2.74 - 3.25 3.00 2.46 - 3.18 2.82
HadCM3 Al1B 28.83 0.73 0.07 - 0.12 0.10 2.18 - 2.36 2.27 0.72-0.74 0.73
CCCma3 Al1B 27.78 1.47 0.07 - 0.12 0.10 1.63-1.97 1.8 1.09 - 1.35 1.22
MRI Al1B 25.90 1.65 0.55-0.73 0.64 2.08 - 2.81 2.445 0.88 - 1.17 1.025

It was found that the relative humidity, ECHAM4, HadCM3 and MRI GCM
climate provided the higher correlation compared with the observed values. On the
other hand, ECHAM4, HadCM3 and MRI provided the higher correlation in relative
humidity. From the results of correlation, the MRI-A1B was selected to study the
impact of climate change. Furthermore, the mean of GCM relative humidity was

compared with the observed data shown in Figure 5.3.




Table 5.6 Statistical summary of monthly raw GCM relative humidity

91

Observed/ Scenario | Mean SD F<2 RMSE SE
GCM

(%) (%) Range Mean Range Mean Range Mean
Observed 71.82 7.33
CCSR A2 84.95 5.62 0.05-0.1 0.075 14.89 - 15.38 15.135 4.57 - 6.65 5.61
CSIRO A2 85.98 7.44 0.12-0.16 0.14 16.27 - 16.75 16.51 6.62 - 8.17 7.39
ECHAM A2 86.52 8.10 0.22 - 0.34 0.28 15.84 - 16.94 16.39 7-7.38 7.19
GFDL A2 85.51 5.96 0.05 - 0.07 0.06 15.26 - 16.42 15.84 5.16 - 6.96 6.06
HadCM3 A2 86.40 10.85 0.36 - 0.55 0.455 | 16.23- 1691 16.57 6.89 - 10.06 8.475
CCCma3 A2 79.93 7.18 0.04 - 0.04 0.04 11.79 - 12.35 12.07 6.43 - 8.35 7.39
MRI A2 85.66 11.38 0.52-0.68 0.60 14.5 - 16.57 15.54 6.45 - 8.63 7.54
CCSR B2 63.31 9.49 0.22-0.42 Q7 9.68 - 13.42 11.55 6.65 -9.83 8.24
CSIRO B2 66.85 10.94 0.33-0.41 0% 8.34 - 11.23 9.785 8.18 - 10.12 9.15
ECHAM B2 69.40 13.49 0.43-0.6 0.52 9.06 - 10.62 9.84 9.11-10.34 9.73
GFDL B2 65.57 12.19 0.34 - 0.35 0.35 11.23 - 12.64 11.93 8.8-11.85 10.32
HadCM3 B2 71.55 14.07 0.48 - 0.64 0.56 6.96 - 12.37 9.665 7.2-12.64 9.92
CCCma3 B2 73.80 13.51 0.26 - 0.53 0.40 10.59 - 15.16 12.88 9.56 - 11.79 10.68
MRI B2 69.49 14.90 0.65-0.7 0.68 9.33 - 10.07 9.70 8.47 - 9.36 8.92
CCSR Al1B 77.48 10.77 0.14 - 0.34 0.24 9.3-128 11.05 7.43-12.47 9.95
CSIRO Al1B 78.70 11.32 0.26 - 0.36 0.31 11.04 - 11.95 11.50 8.55-11.23 9.89
ECHAM Al1B 81.29 13.35 0.4-05 0.45 11.43 - 15.72 13.58 9.41-11.19 10.30
GFDL Al1B 79.56 10.69 0.21 - 0.29 0.25 8.25-16.15 12.20 6.93-12.6 9.77
HadCM3 Al1B 79.52 13.29 0.61-0.63 0.62 9.9 -13.11 11.51 7.37-9.79 8.58
CCCma3 Al1B 78.52 13.54 0.24 - 0.53 0.39 9.96 - 15.16 12.56 9.75-11.79 10.77
MRI Al1B 77.99 14.90 0.65 - 0.7 0.67 10.56 - 11.94 11.25 8.47 - 9.36 8.915
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For the results, it implied the GCM model which provided the higher mean
precipitation can be used to study the flood situation. Other another hand, the lower
mean precipitation can be used to study the drought or the water management.
Furthermore, the GCM models which give higher temperature and relative humidity
can be used to apply for study for the water demand. The results revealed that the
MRI-A1B had good performance and could be used to evaluate the change on the
hydrological model. Because the MRI-A1B GCM simulated the global climate based
on the moderate emission scenario of the IPCC special report, which provided the
mean rainfall, temperature and relative humidity in the moderate increasing rate. It
can be utilized for representing the future climate to study for both flood and

drought situation.

5.3 The comparative study of bias correction methods

Statistical bias corrections methods were adopted to compare the
performance of the bias correction method, including the Gamma-Gamma
transformation method, the hybrid method, the standard deviation (SD) method,
and the modified rescaling method based on the literature review. The results
were compared in terms of the statistical inferences such as mean, maximum,
minimum and standard deviation. On the other hand, the goodness of fit test for
temporal and spatial distribution also was also used to compare each method,
such as the sum of absolute errors (SAE) and the sum of squared residuals (SSR).
Furthermore, the probability was used to study the uncertainty of the bias

correction methods The results are as follows:

5.3.1 Temporal bias correction

The correspondence between the observed data and the
acceptance of a specific bias correction method was based on the statistical
inferences drawn from the comparison. The statistical inferences drawn from the
comparison of the observed and bias corrected GCM monthly rainfall data are
provided in Table 5.7. The hybrid method yielded the highest correlation
coefficient of 0.87 compared to other bias correction methods, while the raw

GCM data provided a correlation coefficient of 0.68. Furthermore, the hybrid bias
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correction method provided the lowest RMSE value (52.83) and SE (46.54) value

compared to other bias correction methods.

Table 5.7 Statistical inferences from comparison of observed and bias corrected GCM

monthly rainfall

Method D R’ RMSE SE
Observed 94.55
Raw-GCM 104.41 0.68 74.75 60.22
GG-GCM 88.42 0.73 61.63 55.40
SD Ratio-GCM 95.11 0.81 57.85 55.30
Hybrid-GCM 84.71 0.87 52.83 46.54
Rescale-GCM 88.67 0.68 62.42 51.08

A comparison of the statistical parameters was used to evaluate
the performance of bias correction methods, as seen in Table 5.8. Furthermore,
according to the comparison of the sum of absolute errors and sum of square
residuals of the bias corrected GCM monthly rainfall in August — September -
October and February — March — April in terms of time series shown in Table 5.9,
the hybrid method yielded lower SAE and SSR values in August — September -
October. However, the SD Ratio method yielded lower SAE and SSR values for
the February — March - April.

The cumulative probability distribution curves for the average
monthly rainfall amount during the period of three months from August to
October deduced from the observed rainfall amount, the raw MRI-GCM and the
bias-corrected GCM are shown in Figure 5.5. The SD ratio and hybrid method
reproduced the observed distribution pattern quite successfully except for the
range 33.36-98.87 mm/month and 42.67-159.07 mm/month when the two
methods underestimate and for over 250.20 and 218.88 mm/month, during
which the two methods overestimate the distribution pattern. Based on these
inferences, the hybrid-GCM method was considered the most appropriated

approach for temporal bias correction of rainfall data.



95

Table 5.8 Comparison of relative observed rainfall and bias corrected GCMs in

monthly basis

(a) Maximum and minimum

Month Maximum Minimum
Raw GG SD- Hybrid Rescale | Raw GG SD- Hybrid Rescale
Ratio Ratio
January 1.26 2.83 1.19 1.28 1.08 2.72 0.96 1.21 1.44 4.98
February 1.63 | 144 | 0.66 1.13 1.38 0.05 0.01 0.33 0.01 0.10
March 153 | 1.34 1.12 0.86 1.29 2.13 3.09 1.05 2.93 3.41
April 1.33 | 1.22 0.82 0.75 1.13 5.58 4.33 1.45 2.85 4.71
May 1.09 | 0.92 1.04 0.79 0.93 2.82 2.07 1.52 1.89 2.40
June 1.10 | 0.92 0.95 0.84 0.93 1.76 1.15 1.06 1.02 1.46
July 091 | 0.76 0.88 0.74 0.77 2.07 1.58 1.45 1.47 1.74
August 0.74 | 0.64 | 0.73 0.64 0.64 1.20 1.02 0.95 0.96 1.02
September 0.99 | 0.95 0.91 0.89 0.83 1.54 0.93 1.14 1.25 1.31
October 1.09 | 0.82 1.19 0.84 0.91 3.42 1.60 1.66 2.12 2.81
November 1.08 | 0.83 0.88 0.69 0.91 3.39 0.65 1.35 1.55 3.23
December 0.42 | 0.28 0.56 0.34 0.36 0.10 0.03 0.03 0.03 0.17
(b) Mean and standard deviation
Month Mean Standard deviation
Raw GG SD- Hybrid Rescale Raw GG SD- Hybrid | Rescale
Ratio Ratio

January 1.22 1.01 0.99 1.08 1.07 1.18 1.90 1.02 1.09 1.01
February 2.27 1.83 0.92 1.27 1.94 1.71 1.49 0.67 1.09 1.45
March 2.61 2.34 1.01 1.32 2.21 1.17 1.11 0.94 0.73 0.99
April 2.14 1.79 1.00 1.15 1.80 | 0.82 0.85 0.76 0.47 0.70
May 1.29 1.02 1.00 0.90 1.09 | 052 0.50 0.83 0.46 0.45
June 1.34 1.04 1.00 0.93 113 | 0.76 0.80 0.84 0.72 0.65
July 1.19 0.91 1.00 0.92 1.01 0.57 0.57 0.80 0.56 0.48
August 1.09 0.90 1.00 0.91 093 | 0.39 0.42 0.58 0.40 0.34
September 1.17 0.97 1.00 0.99 0.99 | 0.60 0.75 0.73 0.60 0.50
October 1.28 0.84 1.01 0.86 1.07 0.80 0.78 1.00 0.61 0.66
November 1.26 0.68 0.95 0.78 1.05 0.97 0.68 0.79 0.63 0.81
December 0.85 0.32 0.91 0.63 0.75 0.54 0.28 0.67 0.43 0.47

Remark : Bias corrected rainfall divided by observed rainfall
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Table 5.9 The sum of absolute errors and sum of square residuals of bias corrected
GCM monthly rainfall in August — September — October and February -

March — April in term of seasonal

Method ASO FMA
SAE SSR SAE SSR
Raw-GCM 6,171 (5) 746,283 (5) 4,575 (5) 468,506 (5)
GG-GCM 5,334 (3) 576,569 (4) 3,712 (4) 312,414 (4)
SD Ratio-GCM 5,273 (2) 556,994 (2) 2,064 (1) 112,500 (1)
Hybrid-GCM 4,742 (1) 458,016 (1) 2,212 (2) 121,108 (2)
Rescale-GCM 5,371 (4) 575,391 (3) 3,652 (3) 297,884 (3)

Remark SAE : Sum of absolute errors , SSR : Sum of square residuals
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5.3.2 Spatial bias correction

The spatial distribution patterns in wet season (August -
September - October (ASO)) and dry season (February — March — April (FMA))
were generated by the inverse distance square method. They were compared to
the bias-corrected GCM with the observed rainfall map shown in Figure 5.7 and
5.8. The raw GCM rain map produces more rainfall in a spatial sense compared to
the observed rainfall map. The hybrid bias corrected map was found to be
closer to the average observed rain field with less residual range variation, as
shown in Figures 5.7(d), 5.7(e), 5.8(d) and 5.8(e). The hybrid method yields the
lower values of SAE and SSR compared with the other methods, as can be seen
in Table 5.10. However, the values of less rainfall of the hybrid bias corrected
map were found to be more in the region of a high rainfall amount (Lower Nan
River Basin). While the GG and Rescale bias corrected map are found to be higher

to the average observed rain field with more residual range variation.

As a summary, the hybrid bias correction provided the better
results compared with other GCMs, so it would be adopted to correct the bias

from the future GCM climate data.

Table 5.10 The sum of absolute errors and sum of square residuals for spatial
distribution pattern in August — September — October (ASO) and February
- March - April (FMA)

Method ASO FMA
SAE SSR SAE SSR
Raw-GCM 10,226 2,308,496 11,153 2,063,195
GG-GCM 5,617 515,337 8,419 1,075,381
SD Ratio-GCM 52 109 82 173
Hybrid-GCM 34 35 a9 a4
Rescale-GCM 7,068 1,226,717 8,170 1,152,861

Remark SAE : Sum of absolute errors , SSR : Sum of square residuals
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Precipitation bias is the main factor related to the application of GCM

scenarios to assess the impact of climate change on water resources at the basin
level. The comparison of different bias correction methods is presented, and the
evaluation of the bias correction methods are applied to the MRI SRES AlB
precipitation scenario for use in high-resolution impact assessment models. The
hybrid bias correction method was found to be the best in downscaling, as it gives
better correlation with respect to monthly rainfall amounts in time series terms and

the lowest root mean square error with respect to monthly rainfall intensity. The SD
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Ratio and Hybrid-GCM method provide a probability distribution pattern for rainfall
closer to the observed pattern, except for lower and higher rainfall intensity. The
hybrid method reduces the biases as well in the high intensity rainfall in rainy
season, while the SD Ratio method is able to reduce biases as well in the low
intensity rainfall in the dry season. The monthly mean rainfall distribution pattern in
the rainy season, the SD Ratio-GCM, and the Hybrid-GCM values were found to be

close to the average observed rain field with less residual range variation.

From the results, it can be implied that the hybrid method is suitable
for the application to study in floods or extreme rainfall situations, water balance,

and drought situations.

5.4 Trend of climate and rainfall change
5.4.1 Trend of climate change

Regarding the GCM selection procedures, the results showed that the
MRI GCM gives the best performance compared with the other GCMs, so this study
applied the GCM to the evaluation of climate change. The climate variables in this
study include monthly maximum, minimum and mean temperature with
evapotranspiration in present (1979-2006), near future (2015-2039) and far future
(2075-2099). The study area for climate change assessment includes the Upper Nan
River Basin and Lower Nan River Basin in Thailand (see the location details in
Appendix A). The inverse distance weighted average method (IDW) was used to
average the temperature from the observed stations and the GCM grid points in both

the Upper Nan River Basin and Lower Nan River Basin.

The hybrid bias correction method was adopted to correct the bias of
the MRI GCM as with GCM precipitation. The maximum, minimum, and mean
temperature data were used to calculate the evapotranspiration using the Penman-
Monteith method (Smith, 1990: 47-58). These climate data were used as the
hydrological input variables for estimating the irrigation water demand, as the change
of these climates will affect the irrigation water demand. The change of climate was

evaluated according to mean and standard deviation by comparing the future period
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with the present period. The area of concern (Lower Chao Phraya River Basin) which
was used to calculate the water demand and the change evaluation is shown in

Figure B.1.
5.4.1.1 Upper Nan River Basin

The maximum, minimum, and mean temperature  with
evapotranspiration in the Upper Nan River Basin Dam in the present (1979-2006), near
future (2015-2039) and far future (2075-2099) are shown in Table 5.11, and Figure 5.9.
Table 5.11 shows a summary of mean and standard deviation on a seasonal and

annual basis.

Regarding the near future, it was found that maximum, minimum and
mean temperature will tend to increase in the wet season (May-October) by 0.66 °C,
0.66 °C and 0.72 °C, and it will be especially high in May; it will increase high in the
dry season (November-April) by 0.93 °C, 0.72 °C and 0.91 °C, and will be especially
high in April. The mean of the annual maximum, minimum and mean temperature
will increase by 0.79 OC, 0.69 °C and 0.81 OC, and the standard deviation will increase
0.16, 0.12 and 0.19. While the seasonal evapotranspiration will not change
significantly (change less 5%) in either the wet or dry season (+2.11% and +2.25%).
The annual evapotranspiration will not change significantly (+2.18%) but the standard

deviation will increase 36.67%.

In the far future, it was found that the mean maximum, minimum and
mean temperature will tend to increase in the wet season (May — October) by 2.30
°C, 2.0 °C and 2.73 °C, and will be especially high in May; it will increase high in the
dry season (November — April) by 2.64 °C, 2.61 °C and 2.71°C, and will be especially
high in May. The mean of the annual maximum, minimum, and mean temperature
will increase by 2.47 °C, 2.51 °C and 2.54 °C and the standard deviation will decrease
by -0.02, -0.01 and -0.03. While the seasonal evapotranspiration will increase in
both the wet and dry seasons (7.52% and 8.58%). The annual evapotranspiration will

increase 8.07% and standard deviation will increase 35.83%.
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Table 5.11 Summary of mean and standard deviation climate in Upper Nan River

Basin
Climate Season/ Mean Standard deviation
annual P NF Relative F Relative P NF Relative F Relative
change change change change
Maximum Wet 29.48 | 30.14 0.66 31.78 230 028 | 027 -0.01 0.27 0.00
Ezmperature’ Dry 3070 | 3164 | 093 | 3333 | 264 | 053 | 081 | 028 | 049 | -0.04
Annual | 30.09 | 30.89 0.79 32.56 247 034 | 050 0.16 0.31 -0.02
Minimumn Wet 2324 | 23.90 0.66 25.64 2.40 020 | 0.22 0.02 0.25 0.05
zimperawre’ Dry 2010 | 2082 0.72 22.71 261 042 | 062 0.20 0.38 -0.03
Annual | 21.67 | 22.36 0.69 24.17 2.51 0.27 | 0.40 0.12 0.27 -0.01
Mean Wet 2567 | 2639 0.72 28.04 2.37 0.23 | 0.27 0.04 0.24 0.02
Eimperawre’ Dry 20492 | 2583 0.91 27.62 271 043 | 074 0.31 0.39 -0.04
Annual | 25.29 | 26.11 0.81 27.83 254 028 | 047 0.19 0.25 -0.03
Evapotrans- | et 665 679 2.11% 715 7.52% a4 48 9.09% 56 | 27.27%
piration, Dry 711 | 727 | 225% | 772 | 858% | 116 | 132 | 1379% | 125 | 7.76%
mm/month
Annual | 1376 | 1406 2.18% 1487 | 807% | 120 | 164 | 3667% | 163 | 3583%

Remark : P = Present (1979 - 2006) , NF = Near future (2015 - 2039) and FF = Far future (2075 - 2099),
For temperature was calculated in difference: relative change for near future = NF - P; relative change for far future = FF - P,
For evapotranspiration was calculated in percentage: %relative change for near future = (NF-P)/P*100; %relative change for
far future = (FF-P)/P*100
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Figure 5.9 The monthly mean climate in Upper Nan River Basin
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5.4.1.2 Lower Nan River Basin

The maximum, minimum, and mean temperature with
evapotranspiration in the Lower Nan River Basin Dam in the present (1979-2006),
near future (2015-2039) and far future (2075-2099) are shown in Table 5.12 and
Figure 5.10. Table 5.12 shows a summary of the mean and standard deviation on a

seasonal and annual basis.

In the near future, it was found that the mean maximum, minimum
and mean temperature will tend to increase in the wet season (May — October) by
0.65 °C, 0.67 °C and 0.72 °C, and be especially high in May; and it will increase high
in the dry season (November - April) by 1.02 °C, 0.78 °C and 0.97 °C and be
especially high in March. The mean of annual temperature will increase by 0.83 °C,
0.73 °C and 0.84 OC, and the standard deviation will increase 0.15, 0.14 and 0.19.
While the seasonal evapotranspiration will not change significantly (change less 5%)
in either the wet or dry season (2.06% and 2.30%). The annual evapotranspiration
will not change significantly (2.18%) but the standard deviation will increase by

15.1%.

In the far future, it was found that the monthly mean maximum,
minimum, and mean temperature will tend to increase in the wet season (May —
October) by 2.34 °C, 2.41 °C and 2.40 °C and be especially high in May; and it will
increase in dry season (November — April) by 2.95 °C, 2.79 °C and 2.91°C and be
especially high in March. The mean of the annual maximum, minimum, and mean
temperature will increase by 2.64 °C, 2.60 °C and 2.66 °C and the standard
deviation will decrease -0.06, -0.04 and -0.06. While the seasonal
evapotranspiration will increase in the wet and dry season (7.49% and 8.92%). The
annual evapotranspiration will increase by 8.23% and standard deviation will

increase by 5.03%.
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Table 5.12 Summary of seasonal mean and standard deviation of climate in Lower

Nan River Basin

Climate Season/ Mean Standard deviation
annual P NF Relative F Relative p NF Relative F Relative
change change change change
Maximum Wet 2996 | 30.61 0.65 3231 234 027 | 024 | -0038 | 0.25 0.01
temperature,
°c Dry 31.58 32.60 1.02 34.52 2.95 0.68 0.93 0.25 0.57 -0.11
Annual 30.77 31.60 0.83 33.41 2.64 0.40 0.55 0.15 0.34 -0.06
Minimum Wet 24.33 | 2500 0.67 26.74 241 020 | 021 0.02 0.24 0.04
temperature,
°c P “ Dry 22.04 22.82 0.78 24.82 2.79 0.48 0.72 0.24 0.41 -0.07
Annual 23.18 2391 0.73 25.78 2.60 0.30 0.45 0.14 0.27 -0.04
Mean Wet 26.59 27.31 0.72 28.99 2.40 0.23 0.26 0.03 0.23 0.00
temperature,
°c P “ Dry 26.43 27.40 0.97 29.34 291 0.55 0.84 0.29 0.45 -0.10
Annual 26.51 27.35 0.84 29.16 2.66 0.34 0.52 0.19 0.28 -0.06
Evapotransp- | et 681 695 2.06% 732 7.49% 4.5 4.5 0.00% 5.4 20.00%
iration,
tration Dry 760 | 757 | 230% | 806 892% | 136 | 153 | 1250% | 138 | 1.47%
mm/month
Annual 1421 1452 2.18% 1538 8.23% 159 18.3 15.10% 16.7 5.03%
Remark : P = Present (1979 - 2006) , NF = Near future (2015 — 2039) and FF = Far future (2075 - 2099),
For temperature was calculated in difference: relative change for near future = NF - P; relative change for far future = FF - P,
For evapotranspiration was calculated in percentage: %relative change for near future = (NF-P)/P*100; %relative change for far future = (FF-P)/P*100
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Figure 5.10 The monthly mean climate in Lower Nan River Basin
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5.4.2 Trend of rainfall change

The study area for climate change assessment consists of the Upper,
Middle and Lower Nan River Basin. The 64 observed rainfall stations were selected to
represent these basins. (see the location details in Appendix A) The inverse distance
weighted average method (IDW) was used to average the rainfall from the observed
stations and the GCM grid points covered the entire Nan River Basin. The hybrid bias
correction method was adopted to correct the bias of future MRI GCM precipitation.
The rainfall change was evaluated using the statistical parameters in term of mean

and standard deviation by comparing future periods with the present period.

The rainfall of the Upper Nan River Basin was averaged from the
watershed of Sirikit Dam. The rainfall of the Middle Nan River Basin was averaged
from the rainfall of Nam Pad (0912), Nan River Part 4 (0911) and Klong Tron sub basin
(0913), respectively. The rainfall of the Lower Nan River Basin was averaged from
Kwae Noi River (0914), Nam Phak (0915), Wang Thong River (0916), and the Lower
Nan River (0917), respectively.

The change of rainfall in the concerned area included the Yom River
Basin, the Wang River Basin, the Upper Ping River Basin, the Lower Ping River Basin,
Sakaekang River Basin, and the Upper and Lower Chao Phraya River Basin as shown in

Appendix B.2.
5.4.2.1 Upper Nan River Basin

The bias corrected rainfall in the near future (year 2015 - 2039) and
far future (year 2075 - 2099) were compared to the present period (1979 - 2006)
(shown in Table 5.13 and Figure 5.11). In the near future, it was found that the
seasonal rainfall will tend to increase in both the wet and dry seasons (4.83% and
11.22%), but the monthly rainfall in November and December will tend to decrease
10.48% — 17.73% as shown in Figure 5.10. The annual rainfall average for the Upper
Nan River Basin, which was computed as the mean of the annual rainfall, will
increase by 5.82% compared with the present period. While in far the future, it was

found that seasonal rainfall will tend to increase in both the wet and dry seasons
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(10.34% and 13.28%), but the monthly rainfall will not change significantly, e.g.
December (-0.83%). The annual rainfall will increase by 12.63% compared with the

present period.

It was observed that the monthly rainfall for the near future will not
change from the existing rainfall pattern; it will tend to increase in term of quantity
only (+5.82%), while there will be a chance of seasonal shift in the peak rainfall
pattern for the far future. The peak rainfall for the far future period will shift to
August, while it occurs in September in the present period. A higher amount of
rainfall will occur through the wet season (+20.78%). The variation of annual rainfall
can be evaluated from the standard deviation (SD), it was found that the annual
rainfall SD in near future will decrease but not significantly (-4.04%), but SD for the
far future period it will decrease by 13.35%.

Table 5.13 Summary of seasonal mean and standard deviation of rainfall in Upper

Nan River Basin

Mean (mm) Standard deviation
Month
P NF %Diff FF %Diff P NF %Diff FF %Diff
Wet 1020.6 | 1070.0 4.83 1134.3 11.14 146.6 150.2 2.52 136.5 -6.84
Dry 186.9 207.9 11522 2251 20.78 53.2 57.2 7.62 60.0 12.92
Annual 12075 | 1277.8 5.82 1360.1 12.63 154.6 148.3 -4.04 1339 -13.35

Remark : P = Present (1979 - 2006) , NF = Near future (2015 - 2039) and FF = Far future (2075 - 2099)

-
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Figure 5.11 The monthly mean rainfall in Upper Nan River Basin
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5.4.2.2 Middle Nan River Basin

The bias corrected rainfall for the year 2015 - 2039 was
compared to the present period (1979 - 2006) (shown in Figure 5.12; Table
5.14). In the near future, it was found that the seasonal rainfall will increase
not significantly in either of wet or dry season (4.52% and 5.74%), but the
monthly rainfall in November and December will tend to decrease 16.39% -
32.06% as shown in Figure 5.12. The annual rainfall average for the Middle
Nan River Basin, which was computed as the mean of the annual rainfall, will
increase by 4.30% compared with the present period; on the other hand, in
the far future, it was found that the monthly rainfall will tend to increase in
both the wet and dry season (10.34% and 13.28%), but the monthly rainfall
will not change significantly (change less than 5%) in March. (-0.83%). The

annual rainfall will increase by 10.36% compared with the present period.

It was observed that the monthly rainfall for the near future
will not change from the existing rainfall pattern; it will tend to increase in
term of quantity, except in May when it increases by 12.73%. In the far future,
the higher amount of rainfall will occur though the wet season. The variation
of annual rainfall can be evaluated from the standard deviation, and it was
found that the annual rainfall SD in the near future will not change
significantly (change less than 5%) (-1.20%), but for the SD of far future period
it will decrease by 12.85%.

Table 5.14 Summary of seasonal mean and standard deviation of rainfall in Middle

Nan River Basin

Mean Standard deviation
Month
P NF %Diff FF %Diff P NF %Diff FF %Diff
Wet 976.9 | 1021.0 4.52 1077.9 10.34 | 1473 | 1589 7.83 | 139.2 -5.52
Dry 170.7 180.5 5.74 193.4 13.28 | 57.2 45.7 -20.07 | 49.0 -14.33
Annual 1152.0 | 1201.6 4.30 1271.3 10.36 | 159.1 | 157.2 -1.20 | 138.7 -12.85
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Figure 5.12 The monthly mean rainfall in Middle Nan River Basin
5.4.2.2 Lower Nan River Basin

The bias corrected rainfall for the year 2015 - 2039 was
compared to the present period (1979 — 2006) (shown in Figure 5.13; Table
5.15). In the near future, it was found that the seasonal rainfall will increase not
significantly in either the wet or dry season (5.46% and 4.62%), but the monthly
rainfall in November, December and March will tend to decrease 11.35% -
16.56% as shown in Figure 5.13. The annual rainfall of the Lower Nan River
Basin will increase not significantly (4.97%), while in the far future, it was found
that the seasonal rainfall will tend to increase in both the wet and dry seasons
(10.69% and 12.08%), but the monthly rainfall will decrease in March (-10.37%).

The annual rainfall will increase by 10.57% compared with the present period.

It was observed that the monthly rainfall for the near future will
not change from the existing rainfall pattern; it will tend to increase in term of
quantity only; especially more rain in May, while there will be a chance of
seasonal shift in the rainfall pattern in the far future. The peak rainfall for the
far future period will shift to August, while it occurs in September in the
present period. The higher amount of rainfall will occur though the wet season.

The variation of annual rainfall can be evaluated from the standard deviation,
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and it was found that annual rainfall SD in the near future will decrease by
14.13%, but the SD for the far future period it will decrease by 42.73%.

Table 5.15 Summary of seasonal mean and standard deviation of rainfall in Lower

Nan River Basin

Mean Standard deviation
Month
P NF %Diff FF %Diff P NF %Diff FF %Diff
Wet 1009.4 1064.5 546 | 11173 10.69 200.2 180.0 -10.09 109.6 -45.27
Dry 211.4 221.1 4.62 236.9 12.08 59.0 54.5 -7.59 59.8 1.35
Annual 1224.8 1285.6 497 | 1354.2 10.57 201.3 172.8 -14.13 115.3 -42.73
300 FE 710 A02 '
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250 -
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Figure 5.13 The monthly mean rainfall in Lower Nan River Basin

The change of the rainfall in the concerned area includes the
Yom River Basin, the Wang River Basin, the Upper and Lower Ping River Basin,
the Upper Chao Phraya River Basin and the Sakaekang River Basin, as shown

in Appendix B.1.2.

5.5 Trend of water demand change

The irrigation water demand was estimated from difference of the
effective rainfall and evapotranspiration, which followed Eq. 15 - 16 in Chapter 4.
The irrigation water demand rate was set as the default values which
incorporated the water decision making module. In this chapter, the irrigation
water demand rate was estimated by calculating the water demand per 1,000

rais.
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For the change evaluation, the irrigation water demand rate in the
near future (year 2015 - 2039) and far future (year 2075 — 2099) was compared to
the present period (1979 - 2006). The irrigated areas in this study focused on 2
main irrigation projects which received the allocated water directly from Sirikit
Dam and Bhumibol Dam; they included the Phitsanulok Irrigation Project (PSK)
and the Chao Phraya Irrigation Project (CHY). Hence, the Phitsanulok Irrigation
Project (PSK) would use the related input variables from the Lower Nan River
Basin, while the Chao Phraya Irrigation Project (CHY) would use the related input
variables from Lower Chao Phraya River basin. Therefore, the change in water

demand was evaluated according to each local climate condition.

5.5.1 Phitsanulok Irrigation Project

In the near future, the results showed that the water demand of
rice (per 1000 rais) will decrease -4.40% in the wet season and less water
demand will occur in June by -8.14% due to more rainfall. The water demand in
dry season will fluctuate slightly, especially decreasing in November by -4.52%
and increasing in January 7.99% (as shown in Figure 5.14a). The annual water
demand of rice will increase not significantly (less than 5%; 1.42%) (as shown in

Table 5.16).

In the far future, the results show that the water demand of rice
will tend to decrease -7.7% in the wet season, and especially less water demand
will occur in August and September, when it will decrease by -7.34% and -8.82%
respectively; on the other hand, the water demand in the dry season will tend to
increase +11.2% especially in January by 11.47% (as shown in Figure 5.14a). The
water demand for crops in the near and far future is shown in Figure 5.14b. The
annual water demand of rice will not change significantly (change less than 5%;

3.59%) (as shown in Table 5.16).

Although the near and far future evapotranspiration will increase
in both the wet and dry season, the increase in the effective rainfall in the wet
season will cause the water demand to decrease (see Table 5.16). On the other

hand, the decrease in the effective rainfall in the dry season will cause the water



112

demand increase. The trend of the upland crop water demand are also similar to

the paddy’s.

Table 5.16 Summary of the seasonal mean water demand (per 1000 rais) of
Phitsanulok Irrigation Project
a) Paddy
Variable Mean Standard deviation
Season/annual

3 NF | %Diff | FF | %Diff | P | NF | %Diff | FF | %Diff
Evapotran- | Wet 681 | 695 | 199 | 732 | 743 | 452 | 449 | -066 | 533 | 178
spiration, | pry 740 | 757 | 231 | 806 | 887 | 13.6 | 153 | 127 | 138 | 1.23
mm Annual 1421 | 1452 | 216 | 1538 | 818 | 159 | 183 | 15 | 167 | 5.15
Effective | Wet 723 | 747 | 329 | 770 | 646 | 192 | 189 | -14 | 18 -6
rainfal, Dry 196 | 185 | -542 | 187 | 455 | 258 | 28 | 82 | 285 | 102
mm Annual 919 | 932 | 144 | 957 | 411 | 508 | 539 | 623 | 556 | 95
Water Wet 093 | 086 | -8.14 | 085 | -7.7 | 0.09 | 0.07 | -19.79 | 0.06 | -30.1
demand, | pyy 163 | 1.74 | 690 | 181 | 112 | 014 | 015 | 736 | 0.16 | 145
MCM Annual 256 | 260 | 142 | 267 | 43 |013| 014 | 1103 | 014 | 110
b) Upland crop
Variable Mean Standard deviation

Season/annual

P NF | %Diff | FF | %Diff | P NF | %Diff | FF | %Diff
Evapotran- | Wet 681 | 695 | 199 | 732 | 743 | 452 | 449 | -0.66 | 533 | 17.8
spiration, | pry 740 | 757 | 231 | 806 | 887 | 136 | 153 | 127 | 138 | 1.23
mm Annual 1421 | 1452 | 216 | 1538 | 818 | 159 | 183 | 15 | 167 | 5.15
Effective | Wet 723 | 747 | 329 | 770 | 646 | 192 | 189 | -1.4 | 18 -6
rainfall, Dry 196 | 185 | -542 | 187 | -455 | 258 | 28 | 82 | 285 | 10.2
mm Annual 919 | 932 | 144 | 957 | 411 | 50.8 | 53.9 | 6.23 | 556 | 9.5
Water Wet 065 | 060 | -658 | 061 | -624 | 011 | 0.08 | -24.1 | 0.11 | 4.3
demand, | pry 124 | 133 | 784 | 141 | 1445 | 021 | 024 | 129 | 025 | 17.6
MCM Annual 188 | 194 | 288 | 202 | 734 | 017 | 019 | 13.11 | 020 | 19.1
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Figure 5.14 The monthly mean water demand (per 1000 rais) of Phitsanulok Irrigation

Project



114

5.5.2 Chao Phraya Irrigation Project

In the near future, the results showed that the water demand of
rice will decrease -4.55% in the wet season and less water demand will occur in
June with a decrease of 14.32%. The water demand in the dry season will
increase 8.18% and fluctuate slightly especially decreasing in November by -
6.07% and increasing in January 14.11% (as show in Figure 5.15a). The standard
deviation of the seasonal water demand will tend to decrease -2.45% in the wet

season and increase +33.11% in dry season.

In the far future, the water demand of paddy will tend to
decrease -7.47% in the wet season, and especially less water demand will occur
in August and September with a decrease of -11.59% and -13.93%. On the other
hand, the water demand of paddy in the dry season will tend to increase 10.43%
and especially in January by 17.47% (as shown in Figure 5.15a). The standard
deviation of the seasonal water demand will tend to decrease -5.43% in the wet
season and increase 35.89% in the dry season. The water demand for upland
crops (per 1000 rais) showed similar trend as paddy’s through the same months

in the near and far future shown in Figure 5.15b.

Although the near future evapotranspiration will increase in the
wet season, the increasing effective rainfall will cause the water demand to
decrease (see Table 5.17). On the other hand, the evapotranspiration will tend to
decrease but the effective rainfall in the dry season will tend to decrease in a

greater amount, which will cause the water demand to increase.

However the far future evapotranspiration will increase in both the
wet and dry season, but the increasing effective rainfall in the wet season will
cause the water demand to decrease (see Table 5.17). On the other hand, the
decreasing effective rainfall in the dry season will cause the water demand to

increase.
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Table 5.17 Summary of the seasonal mean water demand (per 1000 rais) of Chao

Phraya Irrigation Project

a) Paddy
Variable Mean Standard deviation
Season/annual
P NF | %Diff | FF | %Diff | P NF | %Diff | FF | %Diff
Evapotran- | Wet 757 | 796 | 513 | 867 | 145 | 52 | 992 | 908 | 10.1 | 94.9
spiration, | pry 740 | 718 | 296 | 826 | 11.6 | 134 | 105 | -222 | 165 | 229
mm Annual 1478 | 1562 | 568 | 1669 | 129 | 104 | 288 | -723 | 118 | 14.1
Effective | Wet 665 | 722 | 857 | 791 | 189 | 191 | 241 | 266 | 123 | -352
rainfall, Dry 177 | 126 | -285 | 151 | -143 | 246 | 228 | -735 | 283 | 149
mm Annual 842 | 848 | 080 | 942 12 | 474 | 533 | 124 | 594 | 254
Water Wet 130 | 1.24 | -455 | 120 | -7.47 | 0.06 | 0.059 | -2.45 | 0.057 | -5.43
demand, | pry 107 | 1.16 | 818 | 1.18 | 10.43 | 0.05 | 0.067 | 33.11 | 0.068 | 35.89
MCM Annual 237 | 240 | 119 | 238 | 061 | 007 | 0.060 | -14.00 | 0.060 | -14.70
b) Upland crop
Variable Mean Standard deviation
Season/annual %Dif
P NF | %Diff | FF | 9%Diff P NF ; FF | %Diff
Evapotran | Wet 757 | 796 | 513 | 867 | 145 52 | 992 | 908 | 10.1 | 94.9
-spiration, | pry 740 | 718 | -296 | 826 | 116 | 134 | 105 | -222 | 165 | 22.9
mm 156 166
Annual 1a78 | 7| 568 . 129 | 104 | 288 | -723 | 118 | 14.1
Effective | Wet 665 | 682 | 251 | 791 | 189 | 19.1 | 241 | 266 | 123 | -35.2
rainfall, Dry 177 | 126 | -285 | 151 | -143 | 246 | 228 | -7.35 | 283 | 14.9
mm Annual 842 | 808 | -3.99 | 942 12 474 | 533 | 124 | 59.4 | 254
Water Wet 060 | 056 | -6.43 | 050 | -159 | 0.09 | 008 | -237 | 0.07 | -12.3
demand, | pry 119 | 130 | 935 | 136 | 138 | 019 | 019 | 411 | 021 | 84
MM Annual 179 | 1.86 | 4.09 | 1.86 | 3.9 017 | 015 | -371 | 017 | 03
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5.6 Trend of runoff change

The runoff data for the change evaluation in this study were
derived from the simulated runoff results of the HEC-HMS rainfall-runoff model.
The rainfall-runoff model was calibrated and verified with the observed runoff
data. This study attempted to develop the runoff parameter functions based on
the monthly rainfall pattern. First, the rainfall-runoff model was simulated year
by year to calibrate the runoff parameter for 1990 - 2007. In this process, the
univariate gradient optimization method was used to find the suitable parameters
for each year. The goodness of fit test of model calibration shows the correlation
of the determination (R”) is 0.61, the root mean square error (RMSE) and standard
error (SE) at 0.61 - 0.85 and 36.22 — 174.60, respectively (see Table B-1). The
details of the runoff patternization and estimation are shown in Appendix B.3.1 —

B.3.8.

Second, the runoff parameter functions were formulated from the
relationship between the accumulative rainfall and runoff parameter. The runoff
parameter includes the initial abstraction (Int), Curve number (CN) Storage Clark
number (Sc) which matched 5 rainfall patterns (see Figure B.12). In this step, the
runoff parameter functions were validated by re-simulating the runoff in 1990 -
2007. The goodness of fit test of the model calibration shows that the correlation
of the determination (R") was 0.66 - 0.88, and the root mean square error (RMSE)
and standard error (SE) were 31.68 - 173.35 and 14.80 — 121.08, respectively (see
details in Table B.2).

The model validation was the final step to check the reliability of
the rainfall-runoff model; according to the mostly observed runoff data were
recorded only in year 1990 — 2006, but the inflows of Sirikit Dam were recorded
from 1975 to the present. Consequently, the model validation step would
simulate the runoff for the 1979 - 1989, and then the simulated runoff results
would be compared with the observed inflow of Sirikit Dam. The goodness of fit
test of the model calibration shows that the correlation of the determination (R')

was 0.82, and the root mean square error (RMSE) and standard error (SE) were
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87.74 and 82.38, respectively (see details in Table B.3). The results show that the
rainfall-runoff model can simulate the inflow of Sirikit Dam and the lateral flow of

Nan River Basin reasonably.

Regarding the runoff simulation with the GCM rainfall, the runoff
parameter functions were applied with the bias-corrected GCM rainfall. The
runoff results would be used to study future changes and provide an input
variable for the reservoir operation model. The runoff simulation periods
included the present period (1979 — 2007), the near future period (2015 - 2039)
and the far future period (2075 - 2099). The change evaluation for the near and
far future runoffs, was compared with the present period (1979 - 2007).

Regarding a clear view of the change evaluation for the Nan River
Basin, the runoff study area was separated into 3 parts: the inflow of Sirikit Dam
and the side flows of the middle and lower Nan River Basin. The inflow of Sirikit
Dam is the runoff of the watershed of Sirikit Dam or the Upper Nan River Basin
over Sirikit Dam. The sideflows of the Middle Nan River Basin were grouped from
the sideflow of SF-01, SF-02 and SF-03, respectively. The sideflows of the Lower
Nan River Basin were grouped from the sideflows in SF-04, SF-05, SF-06, SF-07
and SF-08, respectively (see the flowchart of the river basin network in Figure
B.15). Mean and probability of sideflows were used to analyze the change in the

sideflow of the sub-basins as shown in Figure C.1 to C.5.

5.6.1 Trend of inflow change

In the near future, the results show that the inflow will increase
6.43% in the wet season and a higher inflow will occur at the end of the wet
season in September and will increase 6.43%. The inflow in the dry season will
increase (+0.74%) and fluctuate slightly, especially decreasing to the lowest in
November by -6.63% and increasing in March by 18.47% (as shown in Figure 5.16).
The standard deviation of the monthly inflow will tend to decrease by -10.54% in

wet season and increase +2.58% in the dry season.
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In the far future, the inflow will tend to increase 12.64% in wet
season and especially more inflow will occur in July, August and September, with
a higher peak in September, while the inflow in the dry season tends will
increase 7.55% and especially in January by 29.33% (as shown in Figure 5.16). The
bias corrected GCM rainfall in the Upper Nan River Basin tend to increase in wet
season that causes the inflow to increase. Furthermore, the peak of rainfall in
Upper Nan River Basin shift to August (see Figure 5.11) that causes the inflow to
increase in August but the peak of inflow still in September. The standard
deviation of monthly inflow will decrease 10.54% in wet season and increase

2.58% in dry season.

Table 5.18 Summary of the seasonal mean inflow of Sirikit Dam

Mean Standard deviation
Month
P NF %Diff FF %Diff P NF %Diff FF %Diff
Wet 5189.2 | 5523.2 6.43 5845.0 12.64 1166.9 1023.0 -12.33 1043.9 -10.54
Dry 839.1 845.3 0.74 902.5 (55 225.1 185.9 -17.42 230.9 2.58
Annual 6028.3 | 6368.5 5.64 67475 11.93 1240.1 1096.0 -11.62 962.2 -22.41
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Figure 5.16 The monthly mean inflow of Sirikit Dam



120

5.6.2 Trend of lateral flows change

5.6.2.1 Trend of lateral flows of Middle Nan River Basin

In the near future, the results show that the lateral flows will
increase 3.69% in wet season and the higher lateral flows will occur in the in
May and October by increasing 13.07% and 11.40%. It was found that the
peak of lateral flows still occur in September but more volume in August.
The lateral flow in dry season will fluctuate slightly especially lowest
decrease in December -15.22% and increase in January 27.16% (as show in
Figure 5.17). The bias corrected GCM rainfall of Middle Nan River Basin will
tend to increase in the dry season (see Figure 5.12) that causes the lateral
flow to increase. The standard deviation of the seasonal lateral flow will tend
to decrease -49.31% in the wet season and increase by 19.24% in the dry

season.

In the far future, the lateral flows will tend to increase by
7.96% in the wet season, and especially a greater lateral flow will occur in
July and October with an increase of 14.12% and 17.14%, while the side flow
in the dry season will tend to increase by 9.82%, and especially in January by
15.47% (as shown in Figure 5.17). The bias-corrected GCM rainfall in the
Middle Nan River Basin will tend to increase in the wet season that induced
the lateral flow increase. The standard deviation of the seasonal lateral flow
will decrease by 18.71% in the wet season and increase by 17.41% in the dry

season.

Table 5.19 Summary of the lateral flow of Middle Nan River Basin

Mean Standard deviation
Month
P NF %Diff FF %Diff P NF %Diff FF %Diff
Wet 2064.7 | 2141.0 3.69 2229.0 7.96 842.9 427.3 | -49.31 685.2 -18.71
Dry 921.4 956.3 3.79 1011.9 9.82 304.8 363.4 19.24 357.8 17.41
Annual 2986.1 | 3097.3 3.72 3240.9 8.53 1075.9 | 461.2 | -57.13 710.6 -33.95
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Figure 5.17 The monthly mean lateral flows of Middle Nan River Basin
5.6.2.2 Trend of lateral flow in Lower Nan River Basin

In the near future, the results show that the lateral flow will
increase 4.75% in the wet season and a higher lateral side flow will occur in
May and July with an increase of 7.99% and 11.28% (conform with rainfall
pattern in Figure 5.13). The lateral flow in the dry season will fluctuate
slightly, and be especially lowest in December -3.13% with an increase
in January of 27.91% (as shown in Figure 5.18). The bias-corrected GCM
rainfall (see Figure 5.13) in the Lower Nan River Basin will tend to increase in
the dry season that induced the lateral flow increase. The standard deviation
of the seasonal lateral flow will tend to decrease -17.40 in the wet season

and -24.02% in the dry season.

In the far future, the lateral flow will tend to increase 7.27% in
the wet season, and especially a greater lateral flow will occur in July and
August, with an increase of 17.66% and 11.65%, while the lateral flow in the
dry season will tend to increase by 12.71%, and especially in December by

37.11% (as shown in Figure 5.18). The bias-corrected GCM rainfall in the Lower
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Nan River Basin will tend to increase in the wet season that causes the lateral
flow to increase. The standard deviation of the seasonal lateral flow will tend

to decrease -12.03% in the wet season and -29.53% in the dry season.

Table 5.20 Summary of the lateral flow of Lower Nan River Basin

Mean Standard deviation
Month
P NF %Diff FF %Diff P NF %Diff FF %Diff
Wet 6838.7 7163.8 4.75 7336.0 7.27 2964.6 | 24488 | -17.40 | 2607.9 | -12.03
Dry 3658.1 3758.4 2.74 4122.9 12.71 1641.5 1247.2 -24.02 1156.8 -29.53
Annual 10496.8 | 10922.2 4.05 11458.9 9.17 3895.2 3204.0 -17.74 | 2970.3 -23.75
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Figure 5.18 The monthly mean lateral flow of Lower Nan River Basin

The change of the runoff in the concerned area includes the
Yom River Basin, the Wang River Basin, the Upper and Lower Ping River Basin,
the Upper Chao Phraya River Basin and the Sakaekang River Basin, as shown
in Appendix B.2. It was found that the lateral flow from the concerned area
will tend to increase in both wet and dry season. The peak of lateral flow of
Yom River Basin will be higher in October and more volume will occur in

September in both near and far future (see Figure B.9).
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5.7 Summary of the change in the hydrological variables

The quantitative in terms of change in temperature, rainfall, water

demand and runoff for the Nan River Basin is summarized in this section.

5.7.1 Climate

- The annual maximum temperature will increase in both the near

and far future (+0.79 to +0.83 °C and +2.47 to +2.64°C).

- The annual minimum temperature will increase in both the near

and far future (+0.69 to +0.73 °C and +2.51to +2.60°C).

- The annual mean temperature will increase in both the near and

far future (+0.81 to +0.84 °C and +2.54 to +2.66 C).

- The annual evapotranspiration will not change significantly in the

near future (+2.18%) but it will increase in the far future (+8.07% to +8.23%)

Table 5.21 Change in the climate of the Nan River Basin

Area Variable Change in near future Change in far future

Wet Dry Annual Wet Dry Annual

Upper | Maximum temperature, °c +0.66 +0.93 +0.79 +2.3 +2.64 +2.47
Nan Minimum temperature, °c +0.66 +0.72 +0.69 +2.4 +2.61 +2.51
Mean temperature, KC +0.72 +0.91 +0.81 +2.37 +2.71 +2.54
Evapotranspiration, % +2.11 +2.25 +2.18 +7.52 +8.58 +8.07

Lower Maximum temperature, @ +0.65 +1.02 +0.83 +2.34 +2.95 +2.64
Nan Minimum temperature, °c +0.67 +0.78 +0.73 +2.41 +2.79 +2.60
Mean temperature, C +0.72 +0.97 +0.840. +2.40 +2.91 +2.66
Evapotranspiration, % +2.06 +2.30 +2.18 +7.49 +8.92 +8.23

5.7.2 Rainfall

- The annual rainfall of the Nan River Basin and concerned area

will increase in the both near and far future as shown in Table 5.22.

- The monthly rainfall for the near future will not change from the

existing rainfall pattern; it will tend to increase in term of quantity only.
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- Regarding the upper and Lower Nan River Basin, there will be a
chance of seasonal shift in the rainfall pattern in the far future. The peak rainfall
for the far future period will shift to August, while it will occur in September for
the present period. The higher amount of rainfall will occur during the wet

season.

Table 5.22 Change in rainfall of Nan River Basin and concerned area

Change in near future (%) Change in near future (%)
Area
Wet Dry Annual Wet Dry Annual
Upper Nan 4.83 11.22 5.82 11.14 20.78 12.63
Middle Nan 4.52 5.74 43 10.34 13.28 10.36
Lower Nan 5.46 4.62 4.97 10.69 12.08 10.57
Yom River Basin 1 -6.78 -0.21 7.6 2.35 6.91
Wang River Basin 1.75 -10.24 -0.14 8.29 1.41 7.59
Upper Ping River Basin 8.13 57.8 14.33 11.67 61.29 17.59
Lower Ping River Basin -0.75 -5.93 -1.52 5.4 4.44 5.67
Upper chao Phraya River
) 1.72 3.18 2.02 8.63 8.37 8.58
Basin
Lower chao Phraya River
) 11.53 -27.63 4.73 34.39 -12.64 26.09
Basin
Sakaekang River Basin 1.26 3.03 1.59 4.49 32 4.25

5.7.3 Water demand rate

- The annual water demand (per 1000 rais) of both irrigation
projects will not change significantly in either the near or far future as shown in

Table 5.23.

- The water demand in the dry season will be higher than in the

wet season in both the near and far future.
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Irrigation

Table 5.23 Change in water demand rate of Phitsanulok and Chao Phraya
Project

Irrigation Crop Change in near future Change in far future
Project Wet Dry Annual Wet Dry Annual
PSK Paddy -8.14 +6.90 +1.42 7.7 +11.2 +4.30
Upland crop -6.58 +7.84 +2.88 -6.24 +14.45 +7.34
CHY Paddy 4,55 +8.18 +1.19 747 +10.43 +0.61
Upland crop 6.43 +9.35 +4.09 15.9 +1380 | +3.90

Remark : PSK = Phitsanulok irrigation project, CHY = Chao Phraya irrigation project

5.7.4 Inflow and lateral flow

- The annual runoff of the Nan River Basin for the near future will

not change significantly, while that for the far future will increase as shown in

Table 5-24.

- The monthly inflow of Sirikit Dam and the Lower Nan River Basin

for the near and far future periods will not change from the existing runoff

pattern; it will tend to increase in term of quantity only.

- The higher monthly lateral flow of the Middle Nan River Basin

will occur in the early rainy season; however, the runoff pattern will tend to

increase in terms of quantity only.

Table 5-24 Change in runoff of Nan River Basin and concerned areas

Change in near future (%)

Change in far future (%)

Area

Wet Dry Annual Wet Dry Annual
Upper Nan 6.43 0.74 5.64 12.64 7.55 11.93
Middle Nan 3.69 3.79 3.72 7.96 9.82 8.53
Lower Nan 4.75 274 4.05 7.27 12.71 9.17
Yom River Basin 20.92 3.02 17.22 28.74 6.51 23.39
Wang River Basin 17.63 225 19.32 31.27 36.47 33.11
Upper Ping River Basin 8.17 16.62 9.8 14.81 16.8 15.15
Lower Ping River Basin 4.05 31.52 11.35 9.97 43.4 21.04
Upper chao Phraya River
Basin 1.00 13.39 2.96 16.15 31.21 18.54
Sakaekang River Basin 1.34 5.96 1.87 7.04 1.73 6.43




CHAPTER VI
IMPACT ASSESSMENT ON EXISTING RESERVOIR OPERATION

The impact assessment on existing reservoir operations is to assess the
storage and release changes, water demand, water deficit, spillage and accumulative
runoff. In this study, the dam operation included 2 operation rules: 1) the general
dam operation rule and 2) the flood dam operation rule. General dam operation was
improved by introduction of the probability decision tree method, combined with
the release - storage ratio (RSR) method. The release rules were derived from the
proportion between release and antecedent effective storage (the general reservoir

operation model development procedures are shown in Appendix D).

The impact assessment periods were separated into 3 periods
according to the GCM climate data: 1) present in 1979 — 2006 (P); 2) near future in
2015 - 2039 (NF); and 3) near future in 2075 - 2099 (FF), respectively. The input
variables for both dam operation models included the initial storage, estimated
inflow and lateral flows, bias corrected GCM rainfall, water demand rate. Furthermore
the dam’s physical characteristics were considered in the dam operation model such
as height — volume - area curve and existing reservoir operation rule, etc. Therefore,
the propose of this chapter is to provide the impact assessment results in order to
identify the effect of the climate change and to indicate how to adjust the dam
operations against the water deficit and flood problems in the present climate
condition. The impact assessment factors in this study were considered in relation to
water demand, reservoir water balance, spillage, water deficit, seasonal runoff, and
accumulative runoff at the control points (see Figure F.1). The water deficit was
calculated from the water allocation minus the water demand of each project. The
water allocation of the Phitsanulok Irrigation Project (PSK) was calculated from the
water allocation ratio multiplied by the stream flow at N.60 and lateral flow SF-03.
The water allocation ratio of the Phitsanulok Irrigation Project (PSK) is shown in Table

F.1 (see details in Figure F.1).
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6.1 Existing reservoir operation system development

The existing reservoir operation system in this study is composed of 4
modules, i.e. 1) the reservoir operation module; 2) the water release decision making
module; 3) the water demand decision making module; 4) the water network
balance module (see details in Appendix F). The components of the existing reservoir
operation and the data transferring process are shown Figure 6.1. The detail of the

existing reservoir operation system is as follows.

The present and future GCM climate data Rainfall > The estimated inflow and
preparation for hydrological input variables lateral flow
Water R?"_"oil"
demand m.el. t ]'.E Inflow
et reservoir
W y area
1.5 . c ) The water release decision
The water demand decision The adaptive reservoir | Release N raking udul:‘ i
alririor e Tor irtieati —t -
making module for irrigation operation module gencral and fiood
Y r Y
Storage. Storage.s
Release/ Lateral flow
Spillage .L
Water demand <

-
o The water network Water shortage

The water demand for ,—> balance module
domestic, business and

industrial

Runoff at downstream

Figure 6.1 The components of the existing reservoir operation and the data

transferring process

6.1.1 Reservoir operation module

The reservoir operation module is to balance the storage in the
reservoir by using reservoir water balance equation. The input variables included
rainfall, maximum and minimum temperature, relative humidity, initial storage, inflow
and the reservoir characteristics, such as height — volume - area curve, crest of
spillway, maximum storage level, normal storage level, dead storage level and
reservoir rule curve. The function of reservoir operation model is to integrate the
water release decision making module and the water demand decision making

module to compute the water storage and release.
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The reservoir operation system can carry out follow this processes
shown in Figure 6.1. First, the user set up the initial storage (S;) which use as the
input in the reservoir release rule. The water demand decision module will use the
initial storage to decide selecting the crop cultivation area for planting in this season.
For example, the initial storage located in wet season, normal type and high level.
The water demand decision module will select the crop cultivation area equal to
648,294 rais (see Table D.4). And then the program will take this area to multiple
with water demand rate before sending to reservoir release rule. The program will
take Si; to select the release-effective storage ratio. For example, if the initial
effective storage is equal to 2,326 MCM, this value locates in the wet season and
normal type in May. Next, the program will select the normal wet ratio (0.23) to
calculate (see Table D.2). Next, normal wet ratio will calculate the water release
equal to 535.04.  Next, the reservoir release module will send the release value to
the reservoir operation model for analyzing the water balance in the reservoir. Thus,
the reservoir operation module will analyze the water balance by calculating the
storage in present. The overflow of reservoir will be calculated in the case of the
inflow make the storage value higher than the overflow level. This overflow water
will be accounted to the release before flowing to downstream. The release will be
the input variable for the water network balance model. This process will continue
calculating entire 1 season or 6 months. And then the program will send the storage
at the end of season to the water demand decision making module for the new
calculating loop. Therefore, this reservoir operation module will analyze in one
season for one looping after that the storage at the end of season will select the
new crop requirement for the next looping. So the concept of water demand
decision making module will carry out in one season while the water release decision

making module will decide to release in every month or month per month.

6.1.2 Water release decision making module

The release decision making module is a module for dam water
release to downstream. This release decision-making module uses the release rules
from the release-storage ratio (RSR). For the general reservoir operations, the release

rule was patterned from the effective storage in each water season and each month
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within the season by using the probability decision tree method and classified to be
high, normal, dry and very dry water season (see Figure D.4). Furthermore the
monthly water release can be separated into sub level such as higher, high, medium,
low and lower. The release-effective storage ratio (r) was analyzed from the
proportion between monthly water release in the present month (O, and
antecedent effective storage (Sei). Thus, the average monthly release-effective
storage ratio was grouped according to the seasonal water condition and monthly
antecedent effective storage level. The amount of water release in the present
month (R;) can be calculated by taking the antecedent effective storage (Set-1) and
multiplying with this release-effective storage ratio (see Eq. (1) in Appendix D.1.5). The
release—effective storage ratio of Sirikit Dam is shown in Table D-2. The flood dam
operation generated the release rules by adopting the release plan in 2012 from the
RID regulation plan (RID, 2012) and turn to release-storage ratio as in the case of

general reservoir operation rule.
6.1.2.1 General reservoir operation rule

General reservoir operation rule is set up from the ratio of water
release and the previous 1 month of storage. For the ratio generation, the release
and effective storage in the past record in year 1979 - 2011 was used as the
baseline. The concept of this general rule is assumed that the reservoir operator
release the water according to the water season. The water season can be classified
by probability of effective storage in previous 1 month (S.;) shown as Figure D.4. For
example, if the effective storage of previous 1 month of May equal to 4,088 that
locates in wet and normal season; the sub level is medium. The ratio of release and
effective storage will be 0.23 (see Table D.2); and then the release can be calculated
by taking this ratio to multiple with effective storage of previous 1 month (Si.y).

Hence, the release will vary according to the effective storage.

The general reservoir operation model developed was validated by
comparing the observed release data with the computed release data. The model
calibration and verification periods were for 1987 to 1996 and 1997 to 2011

respectively. In the model calibration, the correlation (RZ) and the root mean square
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error of water release of Sirikit Dam were found to be good at 0.74 and 166 MCM,
respectively. On the other hand in the model verification, the correlation (RZ) and the
root mean square error of release were found to be good at 0.80 and 145 MCM,
respectively (see Figure D-5). The goodness of fit test results showed that the general

reservoir operation module developed could simulate the water release reasonably.
6.1.2.2 Flood reservoir operation rule

Flood rule is set up for the flood management that RID determined
this rule after the flood crisis in 2011. This reservoir operation was actually operated
in 2012. Regarding the flood operation, this study was adopted this rule to one of the
reservoir operation, the objective for studying this rule is to investicate the flood
operation affecting to the water management in term of water shortage and
effectiveness for flood reduction. The results will use to optimize the suitable
release rule. However, the limitation of this rule is the constant release — storage
ratio; that will not vary with the storage in the water season. The release
characteristic of this rule, it will be used to release the water in the end of dry
season and mid-rainy season especially in March — April and July - Ausust,
respectively; and the amount of water release is about 29 - 35% and 34 - 40% of
the storage. Hence, this reservoir will preserve the storage volume of reservoir to

respond to the storm in the rainy season.

6.1.3 Water demand decision making module

The water demand decision-making module is a module for
determining the crop cultivation area in downstream irrigation projects. The concept
of the water demand system was based on the decision tree classification method.
The logic of this system will decide the suitable cultivated area according to the
probability of the effective storage at the end of the previous season, which means
that the dam operation will determine the release rules from the residual water
budget of the dam. This system was designed into 2 layers of decisions, including: 1)
identifying the water season during the present period and 2) identifying the monthly
level in the water season. The water demand rate (MCM/month/1000 rai) was

calculated as the default values. Thus, it was calculated under a climate condition
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that included present, near future and far future period. The cropping pattem in this
study was assumed as the present period, when farmers begin to cultivate in the wet
season in the early May to the middle of November, and the dry season from mid-
January to mid-April. According to the water demand decision-making module is the
tool to determine the crop cultivation area based on the storage at the end of the
previous season. The crop cultivation area and water demand will be affected by the
change of storage which is operated by the reservoir operation rule. The crop
cultivation area of Phitsanulok Irrigation Project was determined from the storages of
Sirikit Dam, while the Chao Phraya Irrigation Project was determined from the storage

of Sirikit and Bhumibol Dam (see the details in Appendix D.1.6).

6.1.4 Water network balance module

The water network balance of the Nan River Basin is considered on
the lateral flow of Nan Sub-River Basin and the extraction points along Nan River. The
main large irrigation projects which focused for evaluating the impact of reservoir
operation including Phitsanulok and Chao Phraya Irrigation Projects. Their irrigation
area is about 666,400 rais and 7,542,822 rais, respectively. Their irrigation water
demand is about 710 MCM/year and 9,878 MCM/year, respectively. The water supply
usage can be represented in the water extraction points in the water network
flowchart shown as Figure F.1. The water supply usage was grouped by the location
of districts and waterworks office, it included seven PWA and one MWA extraction
points. However, the other water extraction points are the medium-, small- and
pumping irrigation projects which were grouped by the location of districts include

five irrigation extraction points.

The water network balance of The Lower Chao Phraya River Basin is
necessary to consider the water budget which supplies to the main water user such
as the lateral flow from Sakaekang and Upper Chao Phraya River Basin. Furthermore
the minimum flow which release though Chao Phraya Diversion Dam such as the
salinity flushing with flow rate 80 cms or 2,488 MCM/year, the waterworks which
extracted from Chao Phraya River by PWA and MWA about 1,615 MCM/year. However

the water supply record classifies the type of water user onto the domestic usage,
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the business usage and the industrial usage shown as Table 6.1 The total water
supply usage of Nan River Basin can be separated into domestic 10.09 MCM/year,
commercial 4.66 MCM/year and industrial 1.36 MCM/year, respectively. The total
water supply usage of Chao Phraya River Basin can be separated into domestic 728
MCM/year, commercial 63 MCM/year and industrial 808 MCM/year, respectively. The
constraint of water balance model at the Lower Chao Phraya River Basin is to supply
for the salinity pushing, PWA and MWA as the first priority. These water usages will
not occur the shortage event. On the other hand, the water balance module will

allow the water deficit occur only in the irrigation projects.

Table 6.1 The summary of existing raw water demand for waterworks

River Type Raw water demand (MCM/year)
2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012
Nan | pomestic | 11.49 | 1209 | 11.16| 819| 819| 854| 877 | 10.09
Commercial | 523 | 549 | 507| 375| 375| 390| 400| 466
industrial 161 170 156 | 113] 113 118|121 1.36
Total 1833 | 1928 | 1780 | 1307 | 1307 | 1361| 1398 16.11
Chao | pomestic | 4657 | 5211 | 6541 | 7143 | 7143 | 7097 | 7485| 8564
PRraya | ommercal | 3157 | 3558 | 4755 | 5268 | 5268 | 5240 | 5538 | 63.10
industrial | 39.74 | 4525 | 6096 | 6879 | 6879 | 6803 | 7200| 8269
Total 117.88 | 13294 | 173.92 | 19291 | 19291 | 19140 | 20223 | 23143
MWA | pomestic | 5322 | 540.1 571|586 |  615| 6297 | 6252 642.32
Commercial | 5988 | 632.9 653 | 6646 | 6353 | 6522 677.1| 72529
+Industrial
Total 1131 | 1173 | 1224 | 1250.6 | 12503 | 12819 | 13023 | 13676

In the water balance analysis, It has to set up the minimum flow

though Chao Phraya Diversion Dam, and then the residual water will be the water
supply for the Great Chao Phraya Irrigation Project. This water supply will be taken to
multiply with the water allocation ratio for Chao Phraya Irrigation Project shown as
Table F.7. Hence, this water allocation ratio was calculated from the portion

between water allocation and water supply from the past pattern. This water
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allocation was summarized from the amount of release water through the east and
west Chao Phraya Irrigation Project. The accuracy of water network balance model
can be validated with the actual water release shown as Figure F.3 and F.5,

respectively.

In the water network balance module, the release results would be
used as the input variable of the water network balance module. The water balance
model was validated by comparing the runoff at the control points with the
observed runoff at the index runoff stations (see Figure F.1). The water balance
model was calibrated and verified between 1979 to 2006 and 2007 to 2011 (See
detail in Appendix F.2). The goodness of fit test of the model calibration and
verification are shown in Table F.6 and F.7. In the model calibration, the results give
the correlation (R*) in range of 0.79 — 0.96, the root mean square error (RMSE) is in
the range of 116.71 - 505.19 MCM/month, and the standard error (SE) is in the range
of 113.87 - 492.60 MCM/month. On the other hand, in the model verification, the
results give the correlation (RZ) in the range of 0.71 — 0.95, the root mean square
error (RMSE) in the range of 82.24 - 254.35 MCM/month, and the standard error (SE)
in the range of 169.15 - 521.60 MCM/month. The results show that the water
network balance model developed can simulate the runoff along the main Nan River

Basin reasonably.

The water network balance analysis would provide the results for
evaluating the reservoir operation performance including the water deficit, water
deficit per demand, seasonal stream flow and accumulative stream flow. The

definition of these results as follows.

The water deficit was analyzed in the term of average values; it will
be accounted the entire of monthly deficit with the zero values. The extreme water
deficit was analyzed by accounting the monthly water deficit which has the water
deficit per demand over 20%, and it will not include the zero values. The extreme
analysis demonstrates the effectiveness of the module that how to reduce the

severity of water shortage. It is represented the actually water deficit especially the
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lower storage and higher water demand in irrigation area, it has the chance to occur

the severe deficit.

The seasonal stream flow analysis is calculated by using the
accumulative stream flow in wet and dry season, it informed how much water
supply at the control points that can be extracted for the agriculture usage
especially for the small and pumping irrigation projects. If the greater amount of
stream flow occur in the control points, it will give the high volume of water
extraction. On the other hand, less amount of stream flow occur, it will give the high

chance of water shortage.

The accumulative stream flow analysis is accounted from the stream
flow volume in September to October. In the history of the Nan River Basin, most of
flood events occur in these three months. The water network balance analysis,
which based on the monthly basis, it cannot simulate exact flood volume at
downstream. So the accumulative stream flow is the representative of the flooded
events. However the baseline or capacity of the runoff station which occur the flood
situation was considered from the historical flood volume and determine it as the
capacity for the flood resistance. If the accumulative stream flow is over than this

value, the event in the year will be identified or accounted as the flooded event.

6.1.5 Future water demand

The future water demand in this study was separated into 2 groups:
the irrigation and waterworks groups. The main irrigated area was focused on the
Phitsanulok and Chao Phraya Irrigation Project. The waterworks will be classified into
3 types: domestic, business and industrial type. The irrigated water demand in the
future was considered from the cultivated area according to wet and dry season.
The cultivated area will define the crop cultivation area and determined from the
historical records. This study would not consider the new irrigation projects and the
second round of second rice cropping. This study used the GCM climate data to
calculate the irrigation water demand, which means that the future irrigation
demand will depend on the GCM climate data and the irrigation area which varied

with the storage of the reservoir. Regarding the waterworks, it was reviewed the
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predicted raw water demand based on the extension of PWA and MWA demand

projection study shown in Table 6.2, respectively.

Table 6.2 The summary of future raw water demand for waterworks

a) Near Future

River Type Raw water demand (MCM/year)
2012 2015 2019 2024 2029 2034 2039
Nan Domestic 8.33 8.69 9.46 10.28 11.51 12.26 13.16
Business 3.80 3.97 4.33 4.72 5.29 5.65 6.07
Industrial 1.14 1.18 1.27 1.36 1.51 1.59 1.70
Total 13.26 13.83 15.05 16.37 18.31 19.49 20.92
Chao )
Domestic 78.53 8672 | 106.82 | 12695 | 15186 | 171.16 | 192.31
Phraya
Business 58.42 64.74 80.22 9570 | 11478 | 129.67 | 145.94
Industrial 76.76 85.23 | 10595 | 126.64 | 152.11 172.05 | 193.80
Total 21371 | 23669 | 29299 | 34929 | 41876 | 47288 | 532.04
MWA Domestic 642.32 | 67037 | 74049 | 81061 | 880.73 | 950.85 1021
Business+Industrial 72529 | 769.83 | 88118 | 99252 | 11039 | 12152 | 13266
Total 1367.6 | 14402 | 16217 | 1803.1 1984.6 | 2166.1 | 23475
b) Far Future
River Type Raw water demand (MCM/year)
2012 2075 2079 2084 2089 2094 2099
Domestic 8.33 19.67 20.39 21.30 22.20 23.10 24.01
Nan Business 3.80 9.12 9.46 9.88 10.31 10.73 11.15
Industrial 1.14 2.45 2.54 2.64 2.75 2.85 2.96
Total 13.26 31.24 32.39 33.82 35.25 36.69 38.12
Domestic 7853 | 344.56 361.47 382,62 | 403.77 | 42491 446.06
Chao
Business 58.42 | 263.04 276.05 292.31 308.58 | 324.84 3641.11
Phraya
Industrial 76.76 | 350.41 367.81 389.56 | 411.31 | 433.06 454.81
Total 21371 | 958.01 | 100533 | 106450 | 11236 | 118282 | 1241.98
Domestic 64232 | 15258 1581.9 1652 17222 | 17923 1862.4
MWA
Business+industrial | 725.29 | 2128.2 2217.3 2328.7 2440 2551.4 2662.7
Total 1367.6 | 3654.1 3799.2 3980.7 | 41622 | 43436 4525.1
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6.2 Impact assessment on general reservoir operation

For the impact assessment on general reservoir operations, the
general reservoir operation rule was used to assess the effect of the climate

change.

6.2.1 Irrigation water demand

The water demand rate which was adopted from Table 5.16 and
area was calculated from the water demand decision making module, the
irrigation water demand was shown in Table 6.3 The impact on water demand of
the Phitsanulok Irrigation Project was assessed by comparing the future water
demand with the present period. In the near future, the water demand in the
wet season will decrease by -3.03% and less water demand will occur in July
with a decrease of -16.34%. The water demand in the dry season will increase by
16.98% and more water demand will occur in March by 23.47% (as shown in
Figure 6.2a). In the far future, the water demand in the wet season will decrease
by -3.52%; however, less water demand will occur in August with a decrease of -
16.49%, while the water demand in the dry season will tend to increase by

21.17%, especially in March by 33.08% (as shown in Figure 6.2a).

In both of the near and far future, the crop cultivation area and
water demand rate in the wet season will not change significantly and that will
cause no change in water demand. On the other hand, the crop cultivation area
and water demand rate in dry season will tend to increase that will bring about

higher water demand compared with the present period.

The impact on water demand of the Chao Phraya Irrigation Project
also can be assessed by comparing the future water demand with the present
period. In the near future, the water demand will increase 11.13% in the wet
season and more water demand will occur in May with an increase of 37.22%.
The water demand in the dry season will increase 16.32% and more water
demand will occur in March by 37.09% (as shown in Figure 6.2b). In the far future,

the water demand in the wet season will decrease by -2.89% and less water
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demand will occur in August with a decrease of -15.65%. The water demand in
the dry season will increase by 21.38% and more water demand will occur in

March by 38.16% (as shown in Figure 6.2b).

In the near future, the water demand in wet season tends to
increase even though the crop cultivation area and water demand rate have no
change. Because the crop cultivation area in dry season increase induce to the
planting area need more water at the end of cultivated season (cultivated season
begins from December to May) which affected to early of wet season, especially
in May. On the other hand, the crop cultivation area and water demand rate in
dry season will tend to increase that will bring about higher water demand

compared with the present period.

In the far future, the crop cultivation area in wet season tend to
increase but the water demand rate tend to decrease that will bring about lower
water demand compared with the present period. On the other hand, the crop
cultivation area and water demand rate in dry season will tend to increase that

will bring about higher water demand compared with the present period.



Table 6.3 Crop cultivation

area and water demand under general dam operation
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Present Near future Far future
Project Variable Crop
Wet Dry Annual Wet Dry Annual Wet Dry Annual
Crop Paddy 630 624 1,254 621 638 1,259 618 643 1,260
cultivation
Upland
area (x P 29.48 31.09 60.57 29.48 31.09 60.57 29.48 31.09 60.57
1000 rais) Crop
Water
Paddy 0.93 1.63 2.56 0.86 1.74 2.6 0.85 1.81 2.67
demand
rate
PSK Upland
(MCM/1000 c 0.65 1.24 1.88 0.6 1.33 1.94 0.61 1.41 2.02
ro
rais) P
Water
demand 276 623 899 268 724 992 266 755 1,022
(MCM)
Change (%) -3.04 16.18 10.28 -3.52 21.17 13.59
Crop Paddy 4,648 3,122 7,770 4,670 3,653 8,323 4,699 3,612 8,310
cultivation
Upland
area (x P 23.26 29.75 53.01 23.09 39.59 62.68 22.67 35.44 58.11
1000 rais) Crop
Water Paddy 13 1.07 237 1.24 1.16 24 1.2 1.18 2.38
demand
CHY rate Upland
MEW1000 | ¢ 0.6 1.19 1.79 0.56 13 1.86 0.5 1.36 1.86
rais)
Water
demand 5,681 4,428 10,109 6,313 5,151 11,463 5518 5,375 10,893
(MCM)
Change (%) 11.13 16.32 13.40 -2.86 21.38 7.76

Remark : PSK = Phitsanulok Irrigation Project, CHY = Chao Phraya Irrigation Project

6.2.2 Reservoir water balance

In the near future, the monthly storage under general rule in the
wet season will increase 7.66% to 8.54%, and especially an 8.54% increase in
May, while the monthly storage in the dry season will increase 6.64% to 8.34%,
especially with an 8.34% increase in April (shown in Figure 6.3). On the other
hand, the monthly release in the wet season will increase 0.22% to 19.17%,
especially with a 19.17% increase in September, while the monthly release in the
dry season will vary in range from -1.80% to 18.16%, especially with an 18.16%
increase in December (shown in Figure 6.3). In far future, the monthly storage in
the wet season will increase 12.16% to 15.32%, especially with an increase of
15.32% in July, while the monthly storage in the dry season will increase 12.00%
to 13.55% especially with a 13.55% increase in April (shown in Figure 6.3). On the

other hand, the monthly release in the wet season will increase 1.73% to
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44.05%, especially with a 44.05% increase in September, while the monthly
release in the dry season will increase 0.84% to 17.39%, especially with an

increase of 17.39% in December (shown in Figure 6.3).
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Figure 6.2 Monthly mean water demand under general dam operation
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In the case of general dam operations, in the near future, the
slightly increasing inflows inducing the annual storage will increase 7.93%, while
the annual release will not change significantly (+4.74%). In the far future, the
increasing inflow inducing the annual storage will tend to increase by 12.70%,
and the annual release will tend to increase by 9.53% (shown in Figure 6.4). The
results imply that the storage in the near future will increase due to more release
and high demand, while the storage in the far future can be expected to be
higher due to the increasing inflow. However the release will increase according
to higher inflow and storage in both the wet and dry season. Additionally, the
probability of annual release reveals that the magnitude of the release will be
higher, especially the mostly probability of release will increase as shown in

Figure 6.4.

Table 6.4 Summary of the impacts on storage and release under general dam

operation
Variable Present Near future Far future
Wet Dry Annual Wet Dry Annual Wet Dry Annual
Inflow (MCM) 5,189 839 6,028 51528 845 6,369 5,845 903 6,748
Change (%) - - = 6.44 0.74 5.64 12.64 7.56 11.93
Storage (MCM) 5,026 7,724 6,375 5,445 8,316 6,881 5,707 8,664 7,185
Change (%) C = = 8.34 7.66 7.93 13.55 12.16 12.70
Release (MCM) 2,389 | 3,299 5,688 2,531 3,569 5,958 2,714 3,663 6,230
Change (%) - - = 5.98 8.18 4.74 13.62 11.01 9.53
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Figure 6.3 Comparison of inflow, storage and release under general dam operation
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Figure 6.4 Probability of annual release under general dam operation

6.2.3 Spillage
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The impact on water spillage was used to evaluate the water

overflow through the spillway. From the monthly results it was found that

concerning general dam operations in the near future, the average spillage will

increase 2033% compared with present period and maximum spillage will not

change significantly (3.18%). On the other hand, regarding general dam operations

in the far future, the average spillage will increase 936% and maximum spillage

will increase 18.47%. However the number of spillages in far future will be higher

than in the near future due to the higher inflow. A summary of the average and

maximum spillage is shown in Table 6.3.

Table 6.5 Summary of average and maximum spillage under general dam operation

Spillage Actual Present Near future Far future
Average (MCM) 393.4 19.8 422.3 205.1
Change (%) 2033 936
Maximum (MCM) 1164.8 409.3 422.3 484.9
Change (%) 3.18 18.47
Number of sillage (years) 7 3 3 7
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6.2.4 Water shortage

The water shortage indices of the related irrigation project were
assessed from the water deficit, water deficit per demand, number of water
shortage, and frequency and maximum of water shortage length. The water
deficit per demand is one of the indices that show the relative water deficit per
demand of the crop cultivation area. The water demand decision making module
determines the crop cultivation area according to the storage at the end of the
season. Consequently, the water deficit per demand will be used to evaluate the

water shortage under dam operations.

The impact on water deficit per demand of the Phitsanulok
Irrigation Project (PSK) was assessed by comparing the future water deficit with
the present period. In the near future, the water deficit per demand in the wet
season will decrease -0.26%; however, more water deficit per demand will occur
in September with an increase of 2.11%. The water deficit per demand in the dry
season will decrease not significantly (-0.13%); however, more water deficit will
occur in March by 6.97% (shown in Figure 6.5a). In the far future, the water deficit
per demand in the wet season will increase by 2.18%; however, the greater water
deficit per demand will occur in October with an increase by of 14.23%. On the
other hand, the water deficit in the dry season will not change significantly
(-0.10%), however, more water deficit will occur in March by 10.61%. (as shown in

Figure 6.5b).

For the water deficit per demand of Chao Phraya Irrigation Project
(CHY); in the near future, the water deficit in wet season, water deficit will
increase not significantly (+0.21%); and, greater water deficit per demand will
occur in May with an increase of 3.14%. The water deficit per demand in the dry
season will increase by 6.84%; and a greater water deficit per demand will occur
in February by 10.67% (as shown in Figure 6.5¢). In the far future, the water deficit
per demand in the wet season will decrease not significantly (-0.98%), while the

water deficit per demand in the dry season will increase by 4.32%, and a greater
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water deficit per demand will occur in January by 15.24%, respectively (shown in

Figure 6.5d).

In the near future, the water deficit per demand in Phitsanulok
Irrigation Project will tend to decrease due to the higher release in both the wet
and dry seasons. However, Chao Phraya Irrigation Project, the water deficit tends
to increase due to higher water demand especially water supply for domestic
and industrial tend to increase. On the other hand, in the far future, the water
deficit per demand of the Phitsanulok Irrigation Project will tend to increase in
dry season due to higher water demand. Even if Sirikit Dam releases more water
it will be still insufficient to supply this irrigation project. Furthermore, the water
deficit per demand of the Chao Phraya Irrigation Project in dry season will tend to

increase due to higher water demand downstream.

Table 6.6 Summary of water shortage by general dam operation

Irrigation
Pg et Statistics Actual (28 years) Present (28 years) Near future (25 years) Far future (25 years)
rojec
Wet Dry Annual Wet Dry Annual Wet Dry Annual Wet Dry Annual

Phitsanulok Mean (MCM) 17 44 60 4 92 96 4 117 121 13 130 143
Maximum  (MCM) 195 214 314 86 311 397 89 307 396 85 238 240
Average percentage of water 6.07 11.67 8.87 0.88 15.62 8.25 0.62 15.50 8.06 3.06 15.52 9.29
deficit per water demand (%)
Maximum percentage of water 5554 | 44.46 42.39 11.79 | 41.21 20.81 10.00 | 32.26 16.13 21 23 18
deficit per water demand (%)
Number of water shortage 15 26 27 4 27 27 4 23 23 6 23 23
(years)
Frequency 0.36 0.35 0.27 0.25 0.44 0.24 0.17 0.51 0.27 0.19 0.50 0.28
(times/season,times/year)
Maximum of continuous water - - 20 - - 27 - - 24 24
shortage year (years)

Chao

Phraya Mean (MCM) 238 266 505 66 204 270 207 652 859 155 340 495
Maximum  (MCM) 1712 1587 2,426 571 1730 2,301 1052 2624 3,676 2017 1346 2,221
Average percentage of water 3.53 4.79 4.16 1.02 491 297 124 | 1175 6.49 0.05 9.23 4.64
deficit per water demand (%)
Maximum percentage of water | 29.80 | 62.31 31.08 8.70 | 30.60 18.90 | 11.53 | 44.64 2232 11.05 | 33.05 16.52
deficit per water demand (%)
Number of water shortage 12 18 20 7 14 15 9 21 21 5 20 20
(years)
Frequency 0.28 0.32 0.23 0.21 0.38 0.23 0.19 0.43 0.25 0.17 0.22 0.13
(times/season,times/year)
Maximum of continuous water - - 9 - - 4 - - 22 13

shortage year (years)




144

80 100
—=&— Present —&— Present
704 | NE#IOBSm L f 7T A--- Near future -- Near future
- - M- - Far future °\°
o d | SRR R BT U
% FF +40.85% [ g R
NF +26.64% P!
[ (N | B ]
% 30 : : : : : H : T 60 4 : : - : : -
= ' : ' . ! ! ' ! ! :
B FF +49.19% ) FF +1.04% ! | 1 R
€ 40 T ONF+26.04% e NF-0.19% 1 "
= ! ! ! ‘S | 1 | !
5 30 € 01
ke = ‘ | | | |
5 20 5 I B B | |
20 F e
10 B 1 . | | 1 | 1 Bl | |
0 T . ¥ 0 +—F—2—2—u ¥
APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR
(a) Water deficit of Phitsanulok (b) Water deficit per demand of Phitsanulok
320 r T T T T 50
| FF-93.66% | —e&— Present H —— Present
180 4 | NF +68.84% | ---A--- Near future - ---a--- Near future
] - m- - Far future 3\' i 1 1 1 - - W - Far future
; | < 40 A ' : ‘ N [ i R R e
240 A 4 4 4 ; | FF+66.53% c I
= N i i i i | INF+201.65% g > ! 3 3 3 FF +4.32%
2 200 | H H H H 1 1 1 3 1 | | | ‘ NF+684%
= oo 19 30 1o S R
-}—'f B FF +27.59% i | | | | N S | FF+1.67%
& 160 1 NF +169.36% : ; L 5 2 T NF+3.53%
= ! = \ | ;
o LIWAN N | | |
§120 A =120
] A [
= - |
80 - 4 y 5
<10 1
S . W
40 3 -

P S : : : 'l

APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR

Y B
L W x

APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR

(c) Water deficit of Chao Phraya (d) Water deficit per demand of Chao Phraya

Remark : The % relative change of water deficit in NF = (Water deficit in NF - Water deficit in PR) / Water deficit in
PR x 100, The % relative change of water deficit in FF = (Water deficit in FF - Water deficit in PR) / Water
deficit in PR x 100,

The % relative change of water deficit per demand in NF = water deficit per demand in NF - water
deficit per demand in PR, The % relative change of water deficit per demand in FF = water deficit per

demand in FF - water deficit per demand in PR

Figure 6.5 Monthly mean water deficit and water deficit per demand of Phisanulok

and Chao Phraya Irrigation Project under general dam operation

However, the water shortage, which was evaluated according to
the mean values, could not reveal the extreme shortage events exactly that may
occur in the future. This study examined the extreme shortage events by
accounting the water deficit values over 20% compared with the water demand.
For example, if the water deficit value of month was equal or over 20%, it was

considered that the shortage event would occur in that month. The monthly
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mean water deficit and water deficit per demand for the extreme shortage
events were calculated from that accounted value. The extreme shortage
according to general dam operations is summarized in Table 6.7. From the
results, it was found that the mean water deficit of Phitsanulok Irrigation Project
in wet season will decrease in the near and far future, while the water deficit in
dry season will increase in the near and far future. Because the rainfall in the
Lower Nan River Basin tend to increase in wet season that cause the water
demand rate decrease, while the rainfall tend to decrease in dry season that
cause the water demand rate increase. On the other hand, the mean water
deficit of Chao Phraya Irrigation Project in wet season tend to decrease in both
near and far future, the water deficit in dry season tend to increase in both near
and far future. Because the rainfall in the Lower Chao Phraya River Basin tend to
increase in wet season that cause the water demand rate decrease, while the
rainfall tend to decrease in dry season that cause the water demand rate

increase.

From Figure 6.6(a), it was found that there were some peaks of
water deficit per demand occur in June, September, October, December and
March, due to the less rainfall which occur in the drought year cause the higher

water demand in these months.

Table 6.7 Summary of the extreme shortage by general dam operation

Actual (28 years) Present (28 years) Near future (25 years) Far future (25 years)
Project Statistics
Wet Dry Annual Wet Dry Annual | Wet Dry Annual Wet Dry Annual
Phitsanulok | pean (MCM) 218 | 200 418 92 | 204 29% | 89 | 216 304 80 | 221 300
Average

percentage of
water deficit per 515 39.6 45.6 25.7 28.6 27.13 16 | 26.13 21.06 | 24.18 | 24.21 24.19
water demand
(%)

Number of water

shortage (years)

Chao Mean (MCM) 1239 2200 3440 800 1519 2319 353 2570 2924 1058 3310 4368

Phraya
Average

percentage of
water deficit per 23.63 44.92 34.28 11.91 32.42 2217 4.15 40.87 2251 8.13 51.77 29.95
water demand
(%)

Number of water

shortage (years)
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Remark : The % relative change of water deficit per demand in NF = water deficit per demand in NF - water
deficit per demand in PR, The % relative change of water deficit per demand in FF = water deficit per

demand in FF - water deficit per demand in PR

Figure 6.6 Water deficit per demand of Phitsanulok and Chao Phraya Irrigation Project

under general dam operation in extreme shortage case

6.2.5 Stream flow at the control points

In the near future, the seasonal stream flow in the wet season will
increase by 5.48% to 9.68% compared with the present period, while the
seasonal stream flow in the dry season will not change significantly (0.78% to

3.22%). In the far future, the seasonal stream flow in the wet season will increase
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by 12.74% to 19.55% in relation to the present period while the seasonal stream
flow in the dry season will increase by 9.42% to 14.21% in relation to the present

period.

In the near future, the annual stream flow at the control points
will increase 4.20% to 6.83% compared with present period, while the annual
stream flow in the far future will increase 11.24% to 15.94%. The higher rainfall in
far future will cause a higher stream flow in the Upper and Lower Nan River Basin

and a higher release from Sirikit Dam. A summary of seasonal and annual stream

flows at the control points are shown in Table 6.8.

Table 6.8 Summary of seasonal and annual stream flow at the control points

Control point Present Near future Far future
Wet Dry Annual Wet Dry Annual Wet Dry Annual
(MCM) (MCM) (MCM) (MCM) (MCM) (MCM) (MCM) (MCM) (MCM)
N.12A 2869 3607 6475 3041 3723 6764 3283 3946 7229
Change (%) - 7 = 6.00 3.22 4.45 14.43 9.42 11.64
N.60 3938 4164 8102 4153 4288 8442 4439 4574 9013
Change (%) - - = 5.48 2.98 4.20 12.74 9.83 11.24
N.27A 3075 2651 5725 3327 2696 6023 3676 2920 6596
Change (%) - = . 8.20 1.71 5.19 19.55 10.18 15.21
N.5A 4729 3067 7797 5069 3100 8169 5494 3380 8875
Change (%) - - = 7.18 1.07 4.78 16.17 10.21 13.82
N.7A 6754 3881 10635 7257 3911 11167 7672 4275 11948
Change (%) ; - = 7.43 0.78 5.00 13.59 10.17 12.34
N.67 9520 4859 14379 10441 4919 15361 11027 5361 16388
Change (%) . - g 9.68 1.24 6.83 15.83 10.33 13.97
C.2 13984 8965 22949 15274 9195 24470 16368 10239 26607
Change (%) - - - 9.23 2.57 6.63 17.04 14.21 15.94

Regarding the flood impact assessment, the maximum

accumulative runoff from August to October was used to evaluate the effect
from the dam operation along the main Nan River. The maximum capacity was
set as the maximum limitation (see Table 6.9), which started to cause the flood

event. Hence, this value was set up from the historical flood in each runoff
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station. It was found that the maximum accumulative runoff of observed data
was higher than the present GCM data due to the present GCM rainfall provides

the lower amount of runoff compared with the observed runoff.

In the near future, the mostly runoff stations revealed that the
maximum accumulative runoff will decrease 0.4% to 17.07% compared with the
present period due to the lower water extraction along the main Nan River Basin;
however, N.12A and N.67 will tend to increase by 17.58% and 2.2% because the
N.12A will receive a higher lateral flow from the Nam Pad Sub River Basin and
N.67 will receive a higher lateral flow from the Yom River Basin and Lower Nan

River Basin. The higher change in the runoff will occur at N.12A (17.58%).

In the far future, it was revealed that for most of the runoff
stations, the maximum accumulative runoff will increase 12.7% to 65.55%
compared with the present period, except that C.2 will tend to decrease by
5.58% compared with the present period. From the results it can be implied that
the flood event under general dam operations in the near future will decrease in
terms of magnitude and frequency. On the other hand, the general dam
operations will release higher in the far future because the higher inflow and
lateral flow will affect the flood problem in terms of magnitude and frequency.
Additionally, the probability of maximum accumulative runoff at the C.2 runoff
station reveals that the magnitude of runoff will be higher, especially the mostly
probability of runoff will be increase. A summary of the maximum accumulative

runoff under general dam operations is shown in Table 6.9.

Table 6.9 Summary of maximum accumulative runoff under general dam operation

Control Maximum Maximum accumulative runoff (MCM) Number of flood event (year)
. capacity

point (MCM) Obs P NF FF Obs P NF FF
N.12A 2756 4491 2264 2662 3748 2 0 0 2
N.60 3825 5549 3572 3300 5341 2 0 0 2
N.27 2916 5701 3291 3278 5190 5 3 1 [
N.5A 4804 8230 5617 5141 7420 4 2 1 2
N.7TA 6147 10793 7798 6467 10598 7 6 1 5
N.67 7801 12904 12649 12927 14256 10 9 7 9
C.2 12087 26485 21440 21326 20243 7 4 6 10
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From Figure 6.8, It was found that the reservoir operation in the near and far

future will affect to the higher baseflow but the high flow will not much change.
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Figure 6.7 Probability of accumulative monthly runoff at C.2 under general dam

operation

6.3 Impact assessment on flood dam operation

Due the flood event in 2011, Thailand’s government planned to solve
the flooding problem using structured and non-structured measures such as the
infrastructure construction and efficiency improvement of the water management
system. Modification of dam operations was one of the important short-term
measures that the government used to control the flood water. The government has
modified the main dam operation rule curves to respond to a flood event that may
occur in future (RID, 2012). The flood reservoir operation model was developed
based on the revised reservoir operation rule curve and operation plan for 2012. The
basic concept of this modification was to decrease the water storage in the dam
during the late rainy season to ease the flood pressure by releasing more water in
the dry season and early rainy season. For the above reason, this study took the
flood dam operation rule involve to be one of the alternative release rules, and the
proportion of water release and effective storage for 2012 was used as the flood
water operation pattern. The release—storage ratio for flood dam operations is shown

in Table D.2.
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6.3.1 Irrigation water demand

The Phitsanulok cultivation area must vary with the water demand
decision-making criteria. The water demand of the Phitsanulok Irrigation Project
was used to assess the changes by comparing the future water demand with the
present water demand. In the near future, the water demand in the wet season
will not change significantly; however, less water demand will occur in July with a
decrease of -15%. The water demand in the dry season will increase by 14.88%
and the water demand will increase in March by 21.20% (as shown in Figure 6-

8a).

In the far future, the water demand in the wet season will not
change significantly; however, less water demand will occur in August with a
decrease of 13.64%. On the other hand, the water demand in the dry season will
tend to increase by 19.45%, especially in March, by 30.24% (as shown in Figure 6-
8a).

In the near and far future period, the crop cultivation area the wet
season will not change significantly but water demand rate tend to decrease that
will cause lower water demand. On the other hand, the crop cultivation area in
dry season will not change significantly, the water demand rate will tend to

increase, and this will cause the water demand to increase.

The Chao Phraya cultivation area varied with the water demand
decision-making criteria. For the water demand of the Chao Phraya Irrigation
Project, in the near future, the water demand will increase 22.56% in the wet
season and more water demand will occur in May with a increase of 32.84%. The
water demand in the dry season will increase by 25.48% and more water
demand will occur in March by 43.37% (as shown in Figure 6-8b). In the far
future, the water demand in the wet season will increase 3.33% and more water
demand will occur in September with an increase of 9.16%, while the water
demand in the dry season will increase 15.47% and more water demand will

occur in November by 33.89% (as shown in Figure 6-8b).
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In the near and far future, the water demand in wet season tends
to increase even though the crop cultivation area and water demand rate have
no change. Because the crop cultivation area in dry season increase induce to
the planting area need more water at the end of cultivated season (cultivated
season begins from December to May) which affected to early of wet season,
especially in May. On the other hand, the crop cultivation area and water
demand rate in dry season will tend to increase that will bring about higher water
demand compared with the present period. From the results it can be implied

that the crop cultivation is the greater influencing factor on the water demand.

Table 6.10 Crop cultivation area and water demand under flood dam operation

Present Near future Far future
Project Variable Crop
Wet Dry Annual Wet Dry Annual Wet Dry Annual
Crop
Paddy 631 600 1,230 636 606 1,242 635 608 1,243
cultivation
Upland
area x P 29 31 61 29 31 61 29 31 61
1000 rais) Crop
Water
Paddy 0.93 1.63 2.56 0.86 1.74 2.6 0.85 1.81 2.67
demand
rate
PSK Upland
(MCM/1000 c 0.65 1.24 1.88 0.6 1.33 1.94 0.61 1.41 2.02
ro|
rais) P
Water
demand 275 603 878 273 693 967 272 720 993
(MCM)
Change (%) -0.96 14.88 10.06 -1.10 19.45 13.09
Crop
Paddy 4,546 3,349 7,895 4,546 3,416 7,962 4,578 2,659 7,238
cultivation
area (x Upland
) 24 37 62 24 39 64 24 30 54
1000 rais) Crop
Water
Paddy 1.3 1.07 2.37 1.24 1.16 2.4 1.2 1.18 2.38
demand
CHY rate land
Uplan:
(MCM/1000 P 0.6 1.19 1.79 0.56 13 1.86 0.5 1.36 1.86
. Crop
rais)
Water
demand 4,958 3,940 8,899 6,077 4,944 11,021 5,123 4,550 9,673
(MCM)
Change (%) 22.56 25.48 23.85 3.33 15.47 8.71

R55emark : PSK = Phitsanulok Irrigation Project, CHY = Chao Phraya Irrigation Project
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Figure 6.8 Monthly mean water demand under flood control dam operation
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6.3.2 Reservoir water balance

In the near future, the monthly storage in the wet season will not
change significantly (+1.81% to +3.91%), while the monthly storage in the dry
season also will not change significantly (+2.19% to +3.15%) (shown in Figure 6.9).
On the other hand the monthly release in the wet season will increase 4.92% to
7.24%, especially in July at 7.24%, while the monthly release in the dry season
will increase 5.33% to 7.33% especially with a 7.33% increase in April (shown in

Figure 6.9)

In the far future, the monthly storage in the wet season will
increase 2.97% to 7.07% especially with a 7.07% increase in October, while the
monthly storage in dry season will increase from 3.62% to 6.52%, especially with
a 6.52% increase in November (shown in Figure 6.9). On the other hand, the
monthly release in the wet season will increase 9.82% to 14.67%, especially with
a 14.67% increase in August, while the monthly release in the dry season will
increase 11.35% to 12.38%, especially with a 12.38% increase in November
(shown in Figure 6.9). In the case of flood dam operations, in the near future, the
slight inflow will cause the annual storage to increase by 3.20%, while the annual
release will increase by 4.51% compared with the present. In the far future,
however, the increasing inflow will cause the annual storage to increase by
5.75%, and the annual release will tend to increase 10.14% (shown in Table
6.10). Additionally, the probability of annual release reveals that the magnitude
of the release will be higher, especially the mostly probability of release will

increase as shown in Figure 6.10.

Table 6.11 Summary of the impact on storage and release under flood dam

operation
Variable Present Near future Far future
Wet Dry Annual Wet Dry Annual Wet Dry Annual
Inflow (MCM) 5,189 839 6,028 5,523 845 6,369 5,845 903 6,748
Change (%) - - - 6.44 0.74 5.64 12.64 7.56 11.93
Storage (MCM) 4,096 6,642 5,369 4,185 6,896 5,541 4,244 7,112 5,678
Change (%) - - - 2.19 3.82 3.20 3.62 7.07 5.75
Release (MCM) 2,568 3,233 5,801 2,731 3,470 6,062 2,887 3,648 6,389
Change (%) - - - 6.36 7.33 4.51 12.45 12.82 10.14




154

3000 10000
> FF+3.62%. > FF+7.07% |
NF+2.19% NF+3.82% L 9000
- 2500 L 8000 —e—P inflow
E P FF+5.75%
S D NF+3.T%_ ) --&=--NF_inflow
E 2000 Storage  _ - h--slyl~. - 7000 )
= — #— FF_inflow
] F 6000 %
= S —=—P release
@ -
§ 1500 - 5000 &y --£==NF release
B o e = £=== E
; == FF+11.93% »- 4000 S - £~ FF_release
£ NF+5.64% L
=
=
=
=

1000 4 - o FF412.60% Mg FF + 7.55%_ P storage
l? NF+6.43% FF+10.14% NF + 0.74% - 3000

--%--NF storage

. NF+4.51%
+ 2000

7 Release - %7 FE storage

FF+1282%  _| 1000

FF+12.45% NF +7.33%
' NF+6.36% — 7

04 t r r r r r T r r r 0

APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR

Figure 6.9 Comparison of inflow, storage and release under flood dam operation

9000

0 Present el
8000 1 xNearfuture [ "-'Qx
~ Far future a%

0.01 0.10 1.00
Probability

Figure 6.10 Probability of annual release under flood control dam operation

6.3.3 Spillage

From the result was found that flood dam operation in the near
and far future; the average and maximum spillage will not occur. It is implied that
the flood dam operation can reduce more effectively. The summary of average

and maximum spillage shows as Table 6.12.
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Table 6.12 Summary of average and maximum spillage under flood dam operation

Spillage Actual Present Near future Far future
Average (MCM) 393.4 114.2
Maximum (MCM) 1164.8 114.2

Change (%)

Number of sillage (years)

6.3.4 Water shortage

The change in the water shortage of Pitsanulok Irrigation Project
was assessed by comparing the future water deficit per demand with the present
water deficit per demand. In the near future, the water deficit per demand in the
wet season will tend to decrease by -2.42%; and a less water deficit per demand
will occur in October by 2.33%. On the other hand, the water deficit per demand
in the dry season will decrease not significantly (-0.29%), but a greater water
deficit per demand will occur in December by 60.77% (as shown in Figure 6-11a).
In the far future, the water deficit per demand in the wet season will tend to
decrease by -1.54; and a less water deficit per demand will occur in May with an
decrease of -4.02%, while the water deficit per demand in the dry season will
tend to decrease by -2.27%, especially in February, with an decrease of -8.38%

(as shown in Figure 6-11b).

For the water shortage of the Pitsanulok Irrigation Project, in both
near and far future, the water deficit will tend to decrease in both wet and dry
season due to the crop cultivation area will not quite much change compared
with the present period and the Sirikit Dam release more water to Phitsanulok
Irrigation Project according to the flood release rule that releases more water in

both wet and dry season..

For the water shortage of the Chao Phraya Irrigation Project, in
both near and far future, a water deficit per demand will tend to increase in both
wet and dry season especially in December, due to the crop cultivation area and
the water supply for domestic and industrial downstream will tend to increase

(as shown in Figure 6-11d).
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Irrigation Statistics Actual (28 years) Present (28 years) Near future (25 years) Far future (25 years)
Project
Wet Dry Annual Wet Dry Annual Wet Dry Annual Wet Dry Annual
Phitsanulok | Mean (MCM) 17 44 60 16 142 158 10 153 163 12 154 166
Maximum  (MCM) 195 214 314 56 263 319 34 333 334 46 348 351
Average percentage of water 6.07 | 11.67 8.87 8.09 | 21.42 14.76 567 | 21.14 13.40 6.56 19.15 12.85
deficit per water demand (%)
Maximum percentage of water 5554 | 44.46 4239 | 20.89 | 35.70 27.83 13.25 | 38.86 22.32 15.23 36.97 23.64
deficit per water demand (%)
Number of water shortage 15 26 27 25 27 27 20 23 23 21 23 23
(years)
Frequency (times/season, 0.36 0.35 0.27 0.24 0.52 0.37 0.21 0.53 0.36 0.23 0.52 0.37
times/year)
Maximum of continuous water 20 28 24 24
shortage year (years)
Chao Mean (MCM) 238 266 505 219 185 404 320 600 921 296 866 1162
Phraya
Maximum  (MCM) 1712 1587 2,426 1212 1021 2,232 1,336 2,080 2,940 1762 3571 5,333
Average percentage of water 3.53 4.79 4.16 3.60 3.85 SI4S) 3.57 9.73 6.65 14.22 14.22 8.62
deficit per water demand (%)
Maximum percentage of water 29.80 | 62.31 31.08 16.30 | 32.09 24.20 9.60 | 30.74 19.50 56.91 56.91 34.87
deficit per water demand (%)
Number of water shortage 12 18 20 14 13 19 15 19 22 10 18 20
(years)
Frequency (times/season, 0.28 0.32 0.23 0.24 0.29 0.23 0.18 0.41 0.23 0.17 0.44 0.24
times/year)
Maximum of continuous water 9 6 14 9
shortage year (years)

The evaluation of the extreme shortage events by flood dam
operation was considered the same as the general dam operations. The extreme
shortage of this operation is summarized in Table 6.14. The monthly water deficit per
demand is shown in Figure 6.12. From the results, in the near future, it was found
that the extreme water deficit of Phitsanulok Irrigation Project will increase in both
wet and dry season, while in the far future it will decrease in wet season but it
increase in dry season. Due to the rainfall in drought year cause the higher water

demand especially in dry season.

For the Chao Phraya Irrigation Project, in the near future, it was found
that the extreme water deficit tend to decrease in dry season but it increase in wet
season (shown in Figure 6.12). Due to the higher rainfall in wet season cause the

lower water demand rate. On the other hand, in the far future, it was found that the
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extreme water deficit tend to increase in both wet and dry season due to the higher
water demand even though the reservoir release more water but it will be still

insufficient to meet the water demand.
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Remark : The % relative change of water deficit in NF = (Water deficit in NF - Water deficit in PR) / Water deficit in
PR x 100, The % relative change of water deficit in FF = (Water deficit in FF - Water deficit in PR) / Water
deficit in PR x 100,

The % relative change of water deficit per demand in NF = water deficit per demand in NF - water
deficit per demand in PR, The % relative change of water deficit per demand in FF = water deficit per

demand in FF - water deficit per demand in PR

Figure 6.11 Monthly mean water deficit of Phitsanulok and Chao Phraya Irrigation

Project under flood dam operation



Table 6.14 Summary of the extreme shortage by flood dam operation

158

Observed (28 years) Present (28 years) Near future (25 years) Far future (25 years)
Project Statistics
Wet Dry Annual Wet Dry Annual Wet Dry Annual Wet Dry Annual
Phitsanulok | Mean
218 200 418 39 211 250 59 253 312 32 253 285
(MCM)
Average
percentage
of water
deficit per 515 39.6 45.57 13.76 28.95 21.36 20.79 30.73 25.76 11.5776 28.4201 19.9989
water
demand
(%)
Number of
water
9 21 25 6 18 25 3 18 23 4 16 22
shortage
(years)
Chao Mean
1239 2200 3440 844 1448 2292 606 2660 3266 1034 3068 4103
Phraya (MCM)
Average
percentage
of water
deficit per 23.6 44.9 34.28 16.60 35:52, 26.06 6.90 40.97 2394 9.61 47.81 28.71
water
demand
(%)
Number of
water
6 8 10 3 4 7 10 14 19 6 16 19
shortage
(years)
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(a) Phitsanulok Project

Figure 6.12 Water deficit per demand of Phitsanulok and Chao Phraya Irrigation

Project under flood dam operation in extreme case
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deficit per demand in PR, The % relative change of water deficit per demand in FF = water deficit per

demand in FF - water deficit per demand in PR

Figure 6.12 Water deficit per demand of Phitsanulok and Chao Phraya Irrigation

Project under flood dam operation in extreme case (continued)

6.3.5 Stream flow at the control points

In the near future, the seasonal stream flow in the wet season will

increase by 1.43% to 6.92% compared with present period while the seasonal

stream flow in the dry season will not change significantly (-0.69% to 4.27%). In

the far future, the seasonal stream flow in the wet season will increase by 6.10%

to 9.57% in relation to the present period, while the seasonal stream flow in the

dry season will increase by 5.28% to 9.66% in relation to present period.

In the near future, the annual stream flow at the control points

will not change significantly (0.65% to 4.52%) while the annual runoff in the far

future will increase by 5.82% to 8.64%. The higher rainfall in the far future will

cause a higher runoff in the Upper and Lower Nan River Basin and the flood dam

operations will cause a higher release from Sirikit Dam. A summary of the

seasonal and annual stream flow at the control points is shown in Table 6.15.
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Table 6.15 Summary of seasonal and annual stream flow at the control points under

flood dam operation

Control point Present Near future Far future
Wet Dry Annual Wet Dry Annual Wet Dry Annual
(MCM) (MCM) (MCM) (MCM) (MCM) (MCM) (MCM) (MCM) (MCM)
N.12A 3149 3585 6734 3211 3738 6949 3385 3931 7316
Change (%) - - - 1.97 4.27 3.20 7.47 9.66 8.64
N.60 4249 4210 8459 4324 4322 8646 4541 4559 9100
Change (%) - - 3 1.76 2.67 221 6.87 8.29 7.58
N.27A 3072 2611 5683 3122 2650 5773 3347 2777 6124
Change (%) - a - 1.62 1.53 1.58 8.94 6.38 777
N.5A 4695 3046 7742 4845 3074 7919 5145 3251 8396
Change (%) - - g 3.20 0.89 2.29 9.57 6.72 8.45
N.7A 6860 3854 10713 6958 3825 10783 7278 4059 11337
Change (%) - 7 2 1.43 -0.76 0.65 6.10 5.32 5.82
N.67 10564 4878 15443 11295 4845 16140 11486 5136 16622
Change (%) - 7 z 6.92 -0.69 4.52 8.72 5.28 7.64
C2 15534 9488 25022 16284 9506 25790 16484 10203 26688
Change (%) - - - 4.33 0.19 3.07 6.12 7.53 6.66

In near future, it was revealed that for the majority of the runoff

stations the maximum accumulative runoff will decrease by 14% to 47%
compared with the present period. A higher change of runoff will occur at N.60

(-46.87%).

In the far future, for the majority of runoff stations, the maximum
accumulative runoff will decrease by 7% to 37% compared with the present
period, except for N.7A, which will tend to increase by 17%. From the results it
can be implied that flood events under flood dam operations in the near and far
future will decrease in terms of magnitude and frequency and the flood peak will
be reduced along the Nan River Basin. A summary of the maximum accumulative
runoff under flood dam operations is shown in Table 6.16. Additionally, the
probability of maximum accumulative runoff at the C.2 runoff station reveals that
the magnitude of runoff will be higher, especially the mostly probability of runoff

will increase is shown as Figure 6.13.
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Table 6.16 Summary of maximum accumulative runoff under flood dam operation

Control Maximum Maximum accumulative runoff (MCM) Number of flood event (year)
point | capacity (MCM) | Ops P NF FF Obs P NF FF
N.12A 2756 4491 5046 2882 3172 2 2 1 3
N.60 3825 5549 7130 3788 4766 2 [ 0 1
N.27 2916 5701 4606 2661 4124 5 3 0 2
N.5A 4804 8230 6795 4284 6343 a a 0 2
N.7TA 6147 10793 8198 6364 9614 7 7 3 2
N.67 7801 12904 16368 13419 13629 10 13 15 16

C2 12087 26485 28560 24527 19953 7 9 9 11
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Figure 6.13 Probability of accumulative runoff at C.2 under flood dam operation
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6.4 Impact assessment of the Plaichumphol Irrigation Project

The impact assessment of the Plaichumphol Operation and
Maintenance Project was used to investigate the impact of dam operations on
the sub-scale of the irrigation project. The Plaichumbol Irrigation Project was
selected to be case study area as shown in Figure 6.14. Because this irrigated
project is the largest project in the Phitsanulok Irrigation Project (PSK), which has
a cultivated area of 215,768 rais and is affected directly by Sirikit Dam. In the
past, this project experienced an extreme water shortage, especially between
1993 and 1994. Consequently, the impact assessment of this project will use only
general reservoir operation as a case study. Regarding the impact assessment
method, the water balance model was adopted to calculate the water deficit

and the number of shortages in this area.

The water allocation was extracted from the results of the water
balance in each dam operation to set as the water budget of irrigated project.
Furthermore, the water demand was estimated from the water demand unit
multiplied by the crop cultivation area using the probability classification tree
method. The water deficit was calculated from the water allocation minus the

water demand.

Regarding the water deficit per demand of Plaichumphol O&M
Project, in the near future, the water deficit per demand in the wet season will
decrease by -2.23%; however, a greater water deficit will occur in September with
an increase of 1.98%. The water deficit per demand in the dry season will not
change significantly (-0.19%); however, a greater water deficit per demand will

occur in March by 6.01% (as shown in Table 6.17 and Figure 6.16).
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Figure 6.14 Boundary of Plaichumbol Irrigation Project

In the far future, the water deficit per demand in the wet season
will decrease not significantly (-0.33%) and a greater water deficit per demand
will occur in October with an increase of 13.60%. On the other hand, the water
deficit per demand in the dry season will not change significantly; however, a
greater water deficit per demand will occur in March by 9.51% (as shown in Table

6.17 and Figure 6.16).

The annual water deficit per demand in the near future will
decrease by 10.64% while the annual water deficit per demand in the far future

will not change significantly (-2.32%).
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Present (28 years) Near future (25 years) Far future (25 years)
Variable Statistics
Wet Dry Annual Wet Dry Annual Wet Dry Annual
Mean 206 221 426 204 233 438 194 236 430
Water (MCM)
locati i
allocation | Maximum 375 358 733 363 410 73 388 401 789
(MCM)
Mean 94 202 295 90 227 317 90 236 327
Water (MCM)
demand Maximum
126 253 379 147 266 413 165 287 452
(MCM)
Mean 4 29 33 & 37 40 6 40 46
Water (MCM)
i )
deficit Maximum 34 100 133 35 98 134 40 107 147
(MCM)
Water Mean (%) 715 | 1562 | 1139 492 | 1543 | 1017 681 | 1543 | 11.12
deficit per i
Maximum | 51 04 | aa55 | 37.80 | 2090 | 3897 | 2993 | 3108 | 3768 | 3438
demand (%)
Number
of water 28 28 28 21 25 25 22 25 25
shortage
30 ; T
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Figure 6.15 Monthly mean water deficit of Plaichumphol Operation and Maintenance

Project under general dam operation
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Figure 6.16 Monthly water deficit per demand of Plaichumphol Operation and

Maintenance Project under general dam operation

6.5 Summary of the impact assessment on the existing dam operation

Regarding the results of reservoir operation and impact assessment
can be summarized in the term of the impact of reservoir release rule and the

climate change as follows.
6.5.1 Impact of reservoir release rule
The impact of reservoir operation rule can be summarized as follows.

1) The water demand which affected from the water demand
decision module reveals that the general reservoir operation provided higher water
demand compared with the flood reservoir operation.

2) The portion of seasonal storage under general reservoir
operation is about 0.40:0.60 (wet storage : dry storage) and the portion of seasonal

release is about 0.42: 0.58. On the other hand, the portion of seasonal storage under
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flood reservoir operation is about 0.38:0.62 (wet storage : dry storage) and the
portion of seasonal release is about 0.44: 0.56.

3) The water shortage event will have the more chance to occur
in Chao Phraya Irrigation Project in both reservoir operations. The flood reservoir
operation will yield the greater water deficit than the general reservoir operation.

a4) The spillage of Sirikit Dam in the near and far future will not
occur in the flood reservoir operation but the spillage will occur in the general
reservoir operation.

5) The seasonal and annual stream flow under the flood reservoir
operation will tend to increase in mostly control points compared with the general
reservoir operation.

6) The maximum accumulative runoff in the near and far future
under flood reservoir operation will decrease at the control point N.60, N.27 and
N.27, while it will increase at the control point N.12A, N.7A, N.67 and C.2. On the
other hand, the maximum accumulative runoff under general reservoir operation will
tend to decrease at the control point N.12A, N.7A, N.67 and C.2. , while it will
increase at the control point N.60, N.27 and N.27.
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The impact assessment on the existing dam operation can be

summarized in Table 6.18.

Table 6.18 Summary of the impact assessment on the existing dam operation

Reservoir rieation Proect Change in near future (%) Change in far future (%)
operation rrisetion Frojee Wet Dry Annual Wet Dry Annual
General PSK water demand ~L—3.04 T16.18 T10.28 »L—3.52 T21.17 T13.59
CHY water demand Tll.l’j’ T16.32 T13.4O \L-2.86 T21.38 T7.76
Inflow ?6.44 TO.M T5.64 T12.64 T7.56 T11.93
Storage T8.34 T7.66 T7.93 T13.55 T12.16 T12.7
Release T5.98 T8,18 T4.74 T13.62 Tll.Ol T9.53
Maximum spillage v % T3.18 - - T18.47
PSK Water deficit
arerdenclt P »L—O.26 ~L—O.13 \L-O.19 T2.18 ~L—O.10 T1.04
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CHAPTER VI
ADAPTIVE RESERVOIR OPERATION

The adaptive reservoir operation system was developed for
responding to the impact of future climate change. This chapter includes a discussion
of adaptive reservoir operation development, model calibration and verification and

the adaptive reservoir operation results and their application.

7.1 Adaptive reservoir operation development

There are four modules in the developed system; namely the
reservoir operation module, the water demand and water release decision-
making module, and the water resources balance module. The first module
applies the water balance concept to simulation of the physical system for
reservoir operations. The engine for deriving reservoir release is in the second
module, which was developed based on the Adaptive Network Based Fuzzy
Inference System (ANFIS) techniques. The reservoir operation model is a
combination of water demand decision-making module, the release decision-
making module and the reservoir operation module. The model was run using
inputs from the database (hydrological data and characteristics of reservoir) along
with the estimated inflow, lateral flow, rainfall downstream and water demand.
The results obtained from the reservoir operation model were evaluated in the
fourth module, the water network balance module, using two indicators; namely,
the magnitude of water deficit and spillage. The components of adaptive

reservoir operation and data transferring process were shown as Figure 7.1.
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Figure 7.1 The components of adaptive reservoir operation and data transferring

process

The release decision-making processes were developed in this
study for the ANFIS reservoir operation model based on the probability
classification tree and the neurofuzzy modeling approach. The decision-making
process was based on the switch control or storage state condition. The switch
control was used for selecting the type of reservoir operation. The reservoir
operation types were considered in accordance with the antecedent storage.
The monthly data of inflow to the reservoir and rainfall at the downstream,

lateral flow and water demand for 1987 to 1996 were used for model calibration.

The water demand decision-making module adopted the
probability classification tree approach which classified the antecedent effective
storage from the historical data. The type of water season was identified at the
end of the season, and then the crop cultivation area according to the water
season was set up. Thus, the crop requirement was classified according to

antecedent effective storage from the historical cultivated area. Next, this
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module took up the crop cultivation area to multiply with the water demand

rate (see details in Chapter 6.1 and Appendix D.1.6).

The release decision-making module adopted the Adaptive
Network Based Fuzzy Inference System (ANFIS) which trained the release rules by
ANFIS toolbox in the MATLAB programming. The trained data included inflow,
lateral flow, rainfall downstream, and water demand and release. Hence, there
were 8 main release rules which selected rule according to the switch control or

storage state condition.

The adaptive dam operation module was developed using the
MATLAB language programing. Hence, this model programing was shown the

details in Appendices G. The procedures are as follows:

1) Collect the reservoir operation data of Sirikit Dam for 1979 -

2012 e.g. inflow, release and storage.

2) Create the probability of the antecedent effective storage and
determine the water season, set up the water season in the wet and dry season,
and then classify the state variables for training the ANFIS release functions
included the input and output variables by using the probability decision tree
method.

3) Develop ANFIS water release decision making rules by calibrating

and verifying the model with the actual dam operation.

4) Develop a water demand decision-making module by using the
probability decision tree method to classify from the storage at the end of the
season and estimate the water demand rate based on the climate condition (see

detail in Appendix D.1.6).

5) Develop a reservoir water balance module by using the storage

balance concept.

6) Develop a water network balance module by calibrating and

verifying the model with the observed runoff (see details in Appendix F).
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7) Develop an ANFIS dam operation model by integrating the ANFIS
water release decision-making rules, the water demand decision-making module,

the reservoir water balance module, and the water network balance module.
8) Explore the capability of ANFIS reservoir operations.

9) Modify the ANFIS reservoir operation model (called ANFIS*) and
calibrate for suitable membership functions by adjusting the general dam

operations to minimize water deficit and spillage.

10) Apply the ANFIS* dam operation model by using the GCM

hydrolosical input variables.

The goodness of fit test was used to test the performance of the
reservoir operation rules that included the correlation of determination (RZ), the
root mean square error, and the standard error. Hence, the simulated release was
compared with the observed release in the calibration and verification period.
The initial antecedent storage was the observed value of antecedent storage (the

calibration and verification results are shown in Appendices F.

7.2 ANFIS reservoir operation components

The Adaptive Network Based Fuzzy Inference System (ANFIS)
approaches adopted for the model development of the reservoir operation are
presented in this section. The optimization of the fuzzy inference system
including premise and consequent parameters values, was determined through
neurofuzzy computing using available data. In the neurofuzzy modeling
approach, the number of membership functions is identified prior to initiating the
process for its computing. The number of fuzzy rules, depending on the specified
membership functions for each input variable, is significantly increased if the
number of input variables increases. Hence, the system becomes complex with
more variables, and its optimal number of membership functions is difficult to
determine from a large searching space. The ANFIS release decision making

concept is shown in Figure 7.2.
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The ANFIS dam operation model is composed of the dynamic
system simulation and the adaptive neurofuzzy inference system in order to
determine the amount of the water to be released from the reservoir under

uncertain conditions (see detail in D.1.2). This model includes 5 parts as follows:

Part 1: The input variables include the initial storage (Sy), the
inflow (Iy), sideflow (Sg), rainfall in the downstream basin (R, and water demand

(We).

Part 2: The reservoir water balance process, which adopts the
water storage concept. This process will receive the input variables and water

release decision-making module (see detail in D.1.2).

Part 3: The ANFIS water release decision-making process includes
fuzzification, inference, and defuzzification. Fuzzification uses the membership
function to represent the uncertainty of the input variables by applying rule base
(IF-THEN). The inference is the decision-making logic to decide release from
reservoir. While the defuzzification transforms the uncertain amount to the

values, and then sends the values to part 2.

Part 4: The water demand decision-making process which uses
tree probability classification to determine the crop cultivation area depending
on the storage state at the end of the season. The output will be sent to part 2

(see details in Appendix D.1.6).

Part 5: The water network balance process which calculates the
water deficit by receiving the release values from part 3 and the water demand

from part 4, respectively (see details in Appendix F).

7.3 The functional of the ANFIS dam operation module

The function of the ANFIS dam operation module is as follows:

1) The reservoir water balance process uses the storage balance to

find out the storage (S;) that receives the monthly data from the input variables
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process and includes the inflow, and rainfall and evaporation, and receives the

initial storage and release from the ANFIS water release decision-making process.

2) The ANFIS water release decision-making process can be
separated into 8 release rules based on the antecedent effective storage (Si.y).
This process will receive the input variables from the other process, including the
inflow (I), sideflow (Sg) and rainfall in the downstream basin (R, from the input
variables process, the water demand from the water demand decision-making
process, and the antecedent effective storage (Si;) from the reservoir water

balance process.

3) The water demand decision-making process can be separated
into 8 release rules based on the effective storage at the end of the season. This
process will receive the effective storage at the end of the season to determine

the crop cultivation area and this area is multiplied by the water demand rate.

4) The water network balance process calculates the water deficit
of the irrigation projects. This process will receive the release from the reservoir
water balance process and water demand from the water demand decision-

making process.

7.4 ANFIS release decision making development

The ANFIS release decision-making determines the ANFIS release

functions according to the storage state as follows:

1) Determine the input and output variables Hence, the input
variables include antecedent effective storage (Ser.1), inflow (Iy), sideflow (Sg),
rainfall in the downstream basin (R,) and water demand (Wg); the output variable

is release (Oy).

2) Create the probability of antecedent effective storage and
determine the water season, and then define the type of water season in wet or

dry season.
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3) Classify the state variables for training the ANFIS release functions
including the input and output variables by using the probability decision tree
method, and then classify them as high, normal, dry and very dry water seasons.

The wet season begins on April 30 and the dry season begins on October 31.

4) Create an input variable file by separating them into 8 files
according to the type of water season, such as: 1) high water season (2 rules), 2)

normal water season (2 rules), 3) dry water season, and 4) very dry water season.

5) Generate the ANFIS by using the ANFIS toolbox in the MATLAB

program.

6) Calibrate the ANFIS release functions by selecting the shape of the
membership function and adjusting the membership functions to enhance the

correlation and simulate the release using the reservoir operation model.

7) Verify the ANFIS release functions for testing the accuracy of the
ANFIS reservoir operation model by simulating the release using the reservoir

operation model.
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Effective storage (S.;)
Inflow (1))
Sideflow (Sy)
Rainfall at downstream (R.)
Water demand (W)

Composition
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Figure 7.2 ANFIS release decision making concept
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7.5 ANFIS* reservoir operation processes

The objective of this adaptive reservoir operation development is
to reduce the water deficit and spillage. The adjusted ANFIS reservoir operation
development is comprised of two processes: 1) modifying the general dam
operations and 2) modifying the ANFIS dam operations. The modifying general
dam operation improves the release rules to minimize the water deficit and
spillage. Consequently, the output of modifying general dam operation will be
adopted as the initiate input variables for the modified ANFIS dam operation.
Regarding the modified ANFIS dam operation, the membership function rules of
ANFIS will be adjusted to improve the efficiency of the ANFIS dam operation. The
modified ANFIS reservoir operation will be called “ANFIS*”.  The release-
antecedent effective storage ratio of the general dam operation was optimized
for the appropriate release. The improvement of this ratio is shown in Table D-8
and D-9. The suitable increasing percentage was considered at the minimum
water deficit, minimum spillage of the reservoir, minimum number of shortage
years and minimum continued shortage. Finally, the ANFIS dam operation model

was calibrated by selecting the number of membership functions (MF).

1) Modify the general dam operation rule by adjusting the release
— antecedent effective storage ratio to minimize the water deficit and spillage.

2) Increase the percentage of the release-storage ratio in both
wet and dry season to minimize the amount of water deficit and number of
water shortage years and compare the change in average monthly water deficit in

each water season and according to monthly type.

2.1) Increase the percentage of the release-storage ratio in the
dry season to minimize the water spillage of reservoir and compare the change in
average monthly water spillage in each water season and according to monthly

level type.

2.2) Find out the optimum point of release-storage ratio at the

minimum water deficit and the number of water shortage years for the water
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shortage events; on the other hand, the optimum point of release-storage ratio

was found at the minimum water spillage.

3) Classify the results of the modified general dam operation as
the input and output variables based on the probability of the antecedent

effective storage in the wet and dry season.

4) Establish the ANFIS* water release decision-making module

based on the ANFIS* release rules.

5) Calibrate and verify the modified ANFIS release decision-making
module by adjusting the membership functions to increase the correlation of
release between the ANFIS* and modified general dam operations (year 1987 —

1996 for model calibration and year 1997 — 2011 for model verification).

6) Validation is the final checking step before applying this model.
The recorded data for the years 1987 — 2011 were used to compare the results

with the modified general dam operation.

7) Apply the reservoir operation model to assess the impact of

climate change on the water balance, spillage, water shortage, and runoff.

7.6 Water network balance module

The concept of water network balance is considered the balancing
between the inflow and outflow of the control point. The input variables include the
release from reservoir operation module, lateral flow and water demand (see detail
in Appendix F). The related water demand which set as the extraction points
includes the domestic, business, industrial, irrigation and salinity pushing. The total
water supply usage of Nan River Basin can be separated into domestic 10.09
MCM/year, business 4.66 MCM/year and industrial 1.36 MCM/year, respectively. The
total water supply usage of Chao Phraya River Basin can be separated into domestic
728 MCM/year, business 63 MCM/year and industrial 808 MCM/year, respectively. The
main large irrigation projects which focused for evaluating the impact of reservoir

operation including Phitsanulok and Chao Phraya Irrigation Projects. Their irrigation
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area is about 666,400 rais and 7,542,822 rais, respectively. Their irrigation water
demand is about 710 MCM/year and 9,878 MCM/year, respectively. Furthermore the
minimum flow which release though Chao Phraya Diversion Dam such as the salinity
flushing with flow rate 80 cms or 2,488 MCM/year (EGAT, 2009), the waterworks which
extracted from Chao Phraya River by PWA and MWA about 1,615 MCM/year.

The water network balance of The Lower Chao Phraya River Basin is
necessary to consider the water budget which supplies to the main water user such
as the lateral flow from Sakaekang and Upper Chao Phraya River Basin. The
constraint of water balance network is determined to supply for the salinity pushing,
PWA and MWA as the first priority. These water usages will not occur the shortage
event. On the other hand, the water balance module will allow the water deficit

occur only in the irrigation projects.

The water supply usage can be represented in the water extraction
points in the water network flowchart shown as Figure F.1. The water supply usage
was grouped by the location of districts and waterworks office, it included seven
PWA and one MWA extraction points. However, the other water extraction points are
the medium-, small- and pumping irrigation projects which were grouped by the

location of districts include five irrigation extraction points.

In the water balance analysis, It has to set up the minimum flow
though Chao Phraya Diversion Dam, and then the residual water will be the water
supply for the Great Chao Phraya Irrigation Project. This water supply will be taken to
multiply with the water allocation ratio for Chao Phraya Irrigation Project shown as
Table F.7. Hence, this water allocation ratio was calculated from the portion
between water allocation and water supply from the past pattern. This water
allocation was summarized from the amount of release water through the east and
west Chao Phraya Irrigation Project. The accuracy of water network balance model
can be validated with the actual water release shown as Figure F.3 and F.5,

respectively.
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7.7 Results and discussions
7.7.1 Model calibration and verification

In order to the results of ANFIS dam operation that reveal the
higher water deficit and higher shortage compared with the actual dam
operation. The solution of this problem can be solved by adjusting the release
rules to respond to the water shortage and flood. Therefore the adaptive dam
operation can be formulated from adjusted general dam operation. Because the
general dam operation uses the release—effective storage ratios as the rules for
operation, the general dam operations can be improved the efficiency by
adjusting the release-effective storage ratios to minimize the water deficit,
spillage and flood volume. The results from the modified general dam operation
were used as the input and output variables for the ANFIS to calibrate the new
release rules, called the “ANFIS*”. However, the accuracy of the ANFIS can be
tested from the goodness of fit test, such as the correlation of determination, the

root mean square error, and the standard error.

The best membership functions is the triangle membership
[3,4,3,5,4]. The release of the modified general and ANFIS* were compared in
order to find the goodness of fit test. The results of the model calibration and
verification are shown in Table D.10. The correlation of determination (RZ) in the
model calibration was 0.88, while the correlation of determination (RZ) in the
model verification was 0.79. In the model calibration, the root mean square error
(RMSE) and standard error of the model calibration were 51 MCM/month and 79
MCM/month, respectively. On the other hand, in the model verification, the root
mean square error and standard error of model calibration were 88 MCM/month

and 109 MCM/month, respectively.

For the model validation (year 1987 to 2011), the results show the
correlation of determination (R") as 0.84. The root mean square error and

standard error were 102 MCM/month and 98 MCM/month, respectively.
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A comparison of the monthly release of the modified general and

ANFIS* in model calibration and verification is shown in Figure 7.3.
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Figure 7.3 Comparison of release under modified general and ANFIS* dam operation

The storage and release of Sirikit Dam by actual, general, flood
and ANFIS* reservoir operation in the validation period (1987 — 2012) are shown
as Figure 7.4 and 7.5. Figure 7-4 reveals the storage of the ANFIS* located

between general and flood reservoir operations from August to March, the
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storage of the ANFIS* in the wet season and dry season was lower than actual

dam operation at 8.89% and 6.96%, respectively. The annual storage was lower

than actual dam operations at 6.96%.

The results show that this ANFIS* will release more water in the
wet season (16.86%) especially from May to August, while in the dry season it

will release less water (-2.31%). The annual release is higher than the actual dam

operation at 7.27%.
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The comparison of the maximum spillage among actual, general,
flood and ANFIS* reservoir operations for the validation period (1987 - 2012)
revealed that ANFIS* can reduce the spillage efficiently (-12%), as shown in Figure
7.6. The results show that the annual water deficit per demand of the ANFIS* for the

Phitsanulok Irrigation Project will decrease by -24.52% as shown in Figure 7.7.
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7.7.2 Comparison of the efficiency of reservoir operation system

The efficiency of reservoir operations can be evaluated by comparing
the results of the reservoir operation from each method. Therefore, the comparison
based on the historical input variables in 1979 - 2012. The objective of the
comparison is to investigate the effect of model developed components. The
storage and release of each reservoir operation would be compared with the actual

reservoir operation. The detail of efficiency evaluation is shown as Appendix D.2.6.

Regarding the reservoir operations development processes, the
reservoir operations system was developed based on the formulating of release rule,
the water demand decision making module, the ANFIS* with water demand as a
input variable, the ANFIS* with lateral flow as a input variable and the ANFIS* with
water demand and lateral flow as input variables. Furthermore, the efficiency of
reservoir operation also can be evaluated by comparing the results of reservoir
operation with present GCM input variables. The cases of reservoir operation system
and the condition were summarized in Table 7.1. The reservoir operations can be
separated into 13 cases for comparing in each issue as follows. The summary of

efficiency evaluation was shown in Table 7.2.



Table 7.1 The cases of reservoir operation for evaluating the efficiency
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Case Reservoir operation Condition
Case 1 Actual release Use all observed input variables
Case 2 General release rule Use all observed input variables except release
Case 3 Flood release rule Use all observed input variables except release
Case 4 ANFIS* release rule Use all observed input variables except release
Case 5 General release rule with water demand Use all observed input variables except release and
ase
module water demand
Case 6 Flood release rule with water demand Use all observed input variables except release and
ase
module water demand
Case 7 ANFIS* release rule with water demand Use all observed input variables except release and
ase
module water demand
Case 8 ANFIS* release rule with water demand as a Use all observed input variables except release and
ase
input variable water demand
Case 9 ANFIS* release rule with lateral flow as a Use all observed input variables except release and
ase
input variable water demand
Case 10 ANFIS* release rule with water demand and Use all observed input variables except release and
ase
lateral flow as the input variables water demand
Case 11 General release rule with water demand Use all present GCM input variables except release and
ase
module with GCM input variables water demand
Case 12 Flood release rule with water demand Use all present GCM input variables except release and
ase
module with GCM input variables water demand
Case 13 ANFIS* release rule with water demand Use all present GCM input variables except release and
ase

module with GCM input variables

water demand
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Overview summary

Case Storage and release Water demand Water deficit per demand
Case | Storage increase in wet season but Not change from case 1 Water deficit per demand of PSK
2 decrease in dry season ; storage higher decrease in wet season while vary in
than case 3 and 4; release increase in dry season -1.71% to 0.70%; Water
wet season but decrease in high water deficit per demand of CHY decrease in
season while release vary in dry season, wet season except very dry water
release higher than case 4 but lower season, while decrease -30.93% to -
than case 3 1.14% in dry season. Water deficit per
demand decrease lower than case 3 but
higher than case 4.
Case | Storage increase in wet season and Not change from case 1 Water deficit per demand of PSK vary in
3 decrease in dry season; storage lower wet and dry season. Water deficit per
than case 2 and 4; release increase in demand of CHY vary in wet season but
wet and dry season; espeacially in very decrease in dry season, water deficit per
dry water season; release higher than demand increase higher than case 2 and
case 2 and 4 in wet season while 4 except lower in very dry water season.
release higher than case 2.
Case | Storage increase in wet season but Not change from case 1 Water deficit per demand of PSK
a4 decrease in dry season; release decrease in wet season except normal
decrease in wet season except in very season increase, while decrease in dry
dry water season increase but increase season except very dry season increase.
in dry season; release higher than case 2 Water deficit per demand of CHY vary in
but lower than case 3. wet season but decrease in dry season,
water deficit per demand decrease
lower than case 2 and 3 except in high
and normal water season lower than
case 3.
Case | Storage increase in wet season but Water demand of PSK Water deficit per demand of PSK vary in
5 decrease in dry season ; storage higher decrease in wet season wet and dry season; Water deficit per

than case 3 and 4; release increase in
wet season but decrease in high water
season while release vary in dry season,
release higher than case 4 but lower
than case 3

but vary in dry season,
Water demand of CHY
increase in wet and dry

season.

demand of CHY decrease in wet and dry

season except normal water season.




Table 7.2 Summary of efficiency evaluation (continued)
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Case

Overview summary

Storage and release

Water demand

Water deficit per demand

Case

Storage will not change from case 3

Water demand of PSK
decrease in wet season
but vary in dry season,
Water demand of CHY
increase in wet and dry
season except high

season decrease.

Water deficit per demand of PSK
increase in wet season except very dry
water season decrease, it vary in dry
season. Water deficit per demand of PSK
is higher than case 5 and 7 in normal
water season. Water deficit per demand

of CHY vary in wet and dry season.

Case

Storage increase in wet season but
decrease in dry season; Release vary in
wet season but increase in dry season;
release closer to case 5 except very dry
water season release more water than
case 5.

Water demand of PSK
decrease in wet season
but vary in dry season,
Water demand of CHY
increase in wet and dry

season.

Water deficit per demand of PSK vary in
wet season but decrease in dry season.
Water deficit per demand of CHY
decrease in wet and dry season. Water
deficit per demand of CHY is lower than
case 5 except in very dry water season.

Case

Storage is lower than case 7 in wet and
dry season around 2%. Release is higher
than case 7 in dry season around 5% -
7%.

Water demand of PSK'is
closer to case 7 while
water demand of CHY is
higher 2% - 4% than
case Texcept lower in

normal water season.

Water deficit per demand of PSK'is
lower than case 7 in both wet and dry

season.

Case

Storage is lower than case 7 in wet and
dry season around 1-2%. Storage is
higher than case 8. Release is higher
than case 7 in dry season around 5% -
7%.

Water demand of PSK'is
equal to case 8 water

demand of CHY is higher
3% except lower 1.2% in

normal water season.

Water deficit per demand of PSK and
CHY are lower than case 7, 8 and 9 in

both wet and dry season.

Case
10

Storage is higher than case 7, 8 and 9
especially in high water season but the
other season in lower than case 7.
Release is lower than case 7 in wet
eason, but release is higher in dry

season in the other water season.

Water demand of PSK
and CHY are closer to
case 7.

Water deficit per demand of PSK and
CHY are lower than case 7, 8 and 9 in

both wet and dry season.
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Overview summary

Case Storage and release Water demand Water deficit per demand
Case | Storage is higher in wet season, while it Water demand of PSK Water deficit per demand of PSK is
11 is lower in dry season compared with and CHY vary in wet higher in both wet and dry season, while
case 1. Very dry water season does not season, while is higher in | water deficit per demand of CHY is
occur in this case. Release is higher in dry season compared lower in both wet and dry season
both wet and dry season except lower with case 1. compared with case 1.
in wet season in high water season
compared with case 1.
Case | Storage is higher in wet season, while it Water demand of PSK Water deficit per demand of PSK'is
12 is lower in dry season compared with and CHY vary in wet higher in wet season but vary in dry
case 1. The storage in normal water season, while is higher in | season, while water deficit per demand
season is lower than case 11 but in dry dry season compared of CHY is lower in both wet and dry
water season in higher than case 11. with case 1. season compared with case 1.
High and Very dry water season do not
occur in this case. Release is higher in
both wet and dry season except lower
in wet season in high water season
compared with case 1.
Case | Storage is higher in wet season, while it Water demand of PSK is Water deficit per demand of PSK is
13 is lower in dry season compared with lower in wet season but higher in wet season but vary in dry

case 1. Release is higher in both wet
and dry season except lower in wet
season in very dry water season

compared with case 1.

it is higher in dry season
compared with case 1.
Water demand of CHY is
lower in normal water
season, but it is higher in
dry water season

compared with case 1.

season, while water deficit per demand
of CHY is lower in both wet and dry

season compared with case 1.

7.7.3 ANFIS* reservoir operation application

The ANFIS* dam operation can be applied to the evaluation of the

effectiveness of climate change adaptation via the irrigation water demand,

reservoir water balance, water shortage, spillage, and maximum accumulative

runoff. The impact was compared with the results from the existing reservoir

operation and ANFIS* dam operation.
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7.7.3.1 Irrigation water demand

The water demand of Pitsanulok Irrigation Project was assessed
on the changes by comparing the future water demand with the present
water demand, as shown in Table 7-3 and Figure 7-8(a). In the near future,
the water demand in the wet season will not change significantly (-1.80);
however, a higher water demand will occur in October (+17.15%). On the
other hand, the water demand in the dry season will increase by 16.7% and a
higher water demand will occur in March (+19.48%) (as show in Figure 7-8(e)).
In far future, the water demand in wet season will not change significantly
(-2.43), however, a higher water demand will occur in October (+13.39%),
while the water demand in the dry season will increase by 22.13% and a
higher water demand will obtain in March (+29.42%). The annual water
demand in the near and far future will increase by 10.95% and 14.50%

compared with the present period, respectively.

Regarding the water demand of the Chao Phraya Irrigation
Project is assessed, in the near future, the water demand in the wet season
will not increase by 13.92%; and a greater water demand will occur in May
(+52.85%). On the other hand, the water demand in dry season will increase
by 27.23% and a higher water demand will occur in March (+54.7%) (as
shown in Figure 7.8(b)). In the far future, the water demand in the wet season
will not change significantly and a greater water demand will occur in May
(+52%). On the other hand, the water demand in dry season will increase by
34% and a higher water demand will occur in March (+60.48%). The annual
water demand in the near and far future will increase by 19.53% and 14.28%

compared with the present period, respectively.

From Figure 7.8, it can be seen that regarding the comparison
of water demand among the different reservoir operation, the ANFIS* will
cause a greater water demand for PSK and CHY compared with the other

reservoir operations. Due to this ANFIS* reservoir operation will cause the
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storage at the end of the season higher than the other reservoir operation,
that induce a water demand decision making module providing more crop

cultivation area.

Table 7.3 Summary of the irrigation water demand under the bias GCM hydrological

variables
Reservoir | Irrigation Present Near future Far future
. ) Variable
operation Project Wet Dry | Annual | Wet Dry | Annual | Wet Dry Annual
Crop
requirem-
657 640 1297 659 658 1317 654 665 1319
ent area
(rais)
PSK
Water
demand 276 611 887 271 713 984 269 747 1015
(MCM)
Change
7 % - -1.80 16.70 10.95 -2.43 | 2213 14.50
(%)
ANFIS*
Crop
requirem-
4604 | 2856 7460 4693 | 3672 8365 4696 | 3729 8425
ent area
(rais)
CHY
Water
demand 5523 | 4018 9541 6292 | 5112 11404 | 5506 | 5397 10903
(MCM)
Change
%) - - - 1392 | 27.23 19.53 -0.31 | 34.33 14.28
(0]
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7.7.3.2 Reservoir water balance

In order to have a clear view of the adaptive reservoir under
the future climate conditions, a comparison of the impact on the reservoir
water balance between the ANFIS* and existing reservoir operation as used to
evaluate the effectiveness under different reservoir operations, as shown in

Table 7.4 and Figure 7.9.

In the near future period, the storage of the ANFIS* reservoir
operation in the wet season will not change significantly (4.63%), while in the
dry season it will increase 5.52% compared with the present period. In the far
future, the storage of the ANFIS* reservoir operations in the wet and dry
season will increase 15.48% and 13.80% compared with the present period.
The annual storage in the near and far future will increase 5.18% and 11%
respectively. The water balance analysis showed that the annual and
seasonal storage under the ANFIS* reservoir operation rule will be located
between the annual and seasonal storage under the general and flood

reservoir operation rule.

In the near future period, the release of the ANFIS* reservoir
operation in the wet and dry season will increase 5.89% and 7.34% compared
with the present period. For the far future period, the release of the ANFIS*
reservoir operation in the wet and dry season will increase 15.48% and 13.8%
compared with the present period. The annual release in the near and far

future will increase 6.73% and 14.5% respectively.

Moreover the results revealed that the ANFIS* reservoir
operation will release water to a greater extent than the general and flood
dam operations in both the wet and dry seasons. A comparison of the
average ratio between the wet and dry release of the three cases shows that
the ANFIS* case is about 0.42:0.58, the same as the general case, while the

flood case is about 0.44:0.56.
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The results imply that the case of ANFIS* reservoir operation

will store more water in the wet season to prepare more water in the dry

season, and it will release more water in the dry season in order to keep

more space to allow for storing more water in the wet season, which

combines the general rule and flood.

The probability of annual release by general, flood, ANFIS*

reservoir operations is shown in Figure 7.10 and it was found that the

probability of annual release ANFIS* will be higher compared with general

reservoir operation but it still is lower than the flood reservoir operation.

Table 7.4 Summary of the reservoir operation under the

hydrological variables

bias corrected GCM

Reservoir Variable Present Near future Far future
operation Wet Dry Annual Wet Dry Annual Wet Dry Annual
General Inflow (MCM) 5,189 839 6,028 5,523 845 6,369 5,845 903 6,748

Change (%) - 4 = 6.44 0.74 5.64 12.64 7.56 11.93

Storage (MCM) 5,026 7,724 6,375 5,445 8,316 6,881 5,707 8,664 7,185

Change (%) - 5 3 8.34 7.66 7.93 1355 | 12.16 12.70

Release (MCM) 2,389 3,299 5,688 2,531 3,569 5,958 2,714 3,663 6,230

Change (%) - = = 5.98 8.18 474 13.62 | 11.01 9.53

Flood Inflow (MCM) 5,189 839 6,028 5,523 845 6,369 5,845 903 6,748
Change (%) 7 = = 6.44 0.74 5.64 12.64 7.56 11.93

Storage (MCM) | 4,096 | 6,642 5,369 4,185 | 6,896 5,541 4,244 | 7,112 5,678

Change (%) & = = 2.19 3.82 3.20 3.62 7.07 5.75

Release (MCM) | 2,568 | 3,233 5,801 2,731 | 3,470 6,062 2,887 | 3,648 6,389

Change (%) - - - 6.36 7.33 4.51 12.45 12.82 10.14

ANFIS* Inflow (MCM) 5,189 839 6,028 5,523 845 6,369 5,845 903 6,748
Change (%) 3 i y 6.44 0.74 5.64 12.64 7.56 11.93

Storage (MCM) 4,718 7,469 6,093 4,936 7,881 6,409 5,250 8,275 6,763

Change (%) - - - 4.63 5.52 5.18 11.29 | 10.80 10.99

Release (MCM) 2,370 3,303 5,673 2,509 3,545 6,055 2,137 3,759 6,495

Change (%) - - - 5.89 7.34 6.73 15.48 | 13.80 14.50
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7.7.3.3 Spillage

The impact on water spillage was used to evaluate the water
overflow through the spillway. The summary of average and maximum spillage
is shown in Table 7.5. From the results, it was found that the maximum spillage
of the ANFIS* reservoir operation in the far future will increase by 1092%;
however, the spillage in the far future will occur only in 2 years. Due to the
extreme inflow phenomena occur in the far future that causes water to

overflow through the spillway.

Table 7.5 Summary of the maximum spillage by general, flood and ANFIS* reservoir

operation
Reservoir
operation Spillage Actual Present Near future | Far future
General Average (MCM) 393.4 19.8 422.3 205.1
Maximum (MCM) 1164.8 409.3 422.3 484.9
Change (%) - 3 3.18 18.47
Number of spillage (years) 7 3 3 7
Flood Average (MCM) 393.4 114.2
Maximum (MCM) 1164.8 114.2
Change (%)
Number of spillage (years) 7 1
ANFIS* Average (MCM) 393.4 3 - 53.8
Maximum (MCM) 1164.8 84 - 1092.6
Change (%) - - - 1200.7
Number of spillage (years) 7 1 - 2

7.6.2.4 Water shortage

The water deficit of the Pitsanulok lIrrigation Project by ANFIS*
could be assessed on the impact by comparing the future water deficit per
demand with present water deficit per demand. In near future, the water deficit
per demand in wet season will decrease (-3.72%) and a higher water deficit per
demand will occur in June. The water deficit in the dry season will not change
significantly (-0.10%) and a higher water deficit per demand will occur in

December (shown in Figure 7-12(e)). The annual water deficit per demand will
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decrease by -1.91%. In the far future, the water deficit per demand in the wet
season will decrease (-5.74%);, and less water deficit per demand will tend to
decrease will occur in May by -9.08%. The water deficit in the dry season will
decrease not significantly by -0.41%, especially from November to February (as
shown in Figure 7-12(e)). For the water deficit of the Chao Phraya lIrrigation
Project, in near future, the water deficit per demand in wet season will increase
not significantly (+0.36%) and a higher water deficit per demand will occur in
May. The water deficit in the dry season will increase by 5.19% and a higher
water deficit per demand will occur in December (shown in Figure 7-12(f)). The
annual water deficit per demand will decrease by 2.78%. In the far future, the
water deficit per demand in the wet season will increase not significantly
(+0.76%); and more water deficit per demand will tend to decrease will occur
in September by 7.73%. The water deficit in the dry season will increase by

4.40%, especially from November to January (as shown in Figure 7-12(f)).

From the comparison of the annual water deficit between the
ANFIS* and existing reservoir operations, it was found that the developed
ANFIS* reservoir operations can reduce a water deficit better than the general
dam operation. However, the water deficit per demand of the ANFIS* is closer
to general reservoir operation, and in contrast it is higher than flood reservoir
operation. However, the water demand of the ANFIS* is higher than both of
reservoir operations; that means that the ANFIS* can provide a greater crop
cultivation area. Furthermore, the ANFIS* can reduce the maximum water
deficit better than the other reservoir operations. Although the flood reservoir
operation can cause a greater water deficit per demand, it will cause fewer
crop cultivation area. From the results can conclude the ANFIS* will be more

efficient in managing the release to the irrigated area.

The evaluation of the extreme shortage events according to the
ANFIS* dam operation was considered to be the same as general and flood
dam operations. The moderate and extreme shortage of this operation is
summarized in Table 7.7. The monthly water deficit per demand according to

the ANFIS* dam operation is shown is shown in Figure 7.13. From the results, it
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was found that the ANFIS* dam operation can reduce the water deficit more

efficiently than the other dam operations.

Table 7.6 Summary of the water shortage under ANFIS* reservoir operation

Irrigation Statistics Present (28 years) Near future (25 years) Far future (25 years)
Project Wet Dry Annual Wet Dry Annual | Wet Dry | Annual
Phitsanulok Mean (MCM) 24 71 94 11 82 93 5 %4 100
Maximum (MCM) 110 241 288 65 294 299 18 185 189
Average percentage 126
of water deficit per 10.34 | 13.07 11.71 6.63 12.97 9.80 | 4.61 P 8.63
water demand (%)
Maximum
percentage of water 232 11.7 | 213
. 50.54 | 34.06 35.10 39.32 22.33 14.08
deficit per water 4 5 5
demand (%)
Number of water
shortage (years) 27 24 27 2R 23 23 20 23 23
Frequency
(times/season,times/ 0.33 0.38 0.33 0.20 0.41 0.30 0.17 0.44 0.29
year)
Maximum of - - - - - -
continuous water 28 24 24
shortage year (years)
Chao Phraya Mean (MCM) 66 150 216 131 480 611 116 322 439
Maximum (MCM) 432 1064 1,374 638 2,346 2,638 | 1074 | 1258 1,258
Average percentage
of water defieitiper 113 | 4.06 259 | 149 | 938 543 | 1.89 | 859 5.24
water demand (%)
Maximum
percentage of water 19.7 | 235
] 8.15 | 38.71 21.88 7.25 38.81 20.88 12.56
deficit per water 1 0
demand (%)
Number of water
shortage (years) 6 11 12 9 17 20 6 19 19
Frequency
(times/season,times/ 0.22 0.33 0.21 0.19 0.39 0.21 0.19 0.23 0.14
year)
Maximum of - - - - - -
continuous water 4 13 10

shortage year (years)
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flood and ANFIS* reservoir operation
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Figure 7.12 Water deficit per demand by general, flood and ANFIS* reservoir operation
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Table 7.7 Summary the extreme shortage by ANFIS* dam operation

Present (28 years) Near future (25 years) Far future (25 years)
Project Statistics
Wet Dry | Annual | Wet Dry | Annual | Wet Dry | Annual
Mean (MCM) 127 186 313 57 237 294 8 214 222
Average percentage
of water deficit per 49.45 | 26.88 38.16 | 20.90 | 29.08 24.99 6.52 | 23.12 14.82
PSK
water demand (%)
Number of water
6 11 20 2 [ 18 0 12 17
shortage (years)
Mean (MCM) 637 983 1620 862 | 1917 2779 1109 | 1199 2308
Average percentage
of water deficit per 11.30 | 26.79 19.04 9.85 | 30.80 20.32 | 19.68 | 26.40 23.04
CHY
water demand (%)
Number of water
0 2 5 0 8 8 1 5 8
shortage (years)
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Figure 7.13 Water deficit per demand of Phitsanulok and Chao Phraya Irrigation

Project under ANFIS* dam operation in extreme shortage case
7.7.3.5 Seasonal runoff and accumulative runoff

The seasonal runoff at the runoff stations along the main Nan
River was assessed the impact of the reservoir operations. A summary of the
seasonal runoff according to general, flood and ANFIS* is shown in Table 7.8. In

the near future, the seasonal runoff of the ANFIS* in the wet and dry season
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will increase 5% - 13% and 8% - 19%, respectively. The annual runoff will
increase 8% - 15%. In the far future, the seasonal runoff of the ANFIS* in the
wet and dry season will increase 14% - 23% and 15% - 26%, respectively. The
annual runoff will increase 15% - 24%. From the result was found that the
ANFIS* will cause a higher runoff along the main Nan River Basin. The
probability of seasonal runoff of the ANFIS* of N.5A and C.2 will tend to
increase compared with the other reservoir operations as shown in Figure 7.14
and 7.15. Due to the ANFIS* reservoir operation will be released more water in

both wet and dry season.

Table 7.8 Summary of the seasonal and annual runoff by general, flood and ANFIS*

reservoir operation

Dam Control Present Change in near future (%) | Change in far future (%)
operation | point Wet Dry Annual | Wet Dry Annual Wet Dry Annual
General N.12A 2,869 3,607 6,475 6.00 3.22 4.45 14.43 | 9.42 11.64

N.60 3,938 4,164 8,102 5.48 2.98 4.20 1274 | 9.83 11.24

N.27A 3,075 2,651 5,25 8.20 1.71 5.19 19.55 | 10.18 15.21

N.5A 4,729 3,067 7,797 7.18 1.07 4.78 16.17 | 10.21 13.82

N.7A 6,754 3,881 10,635 | 7.43 0.78 5.00 13.59 | 10.17 12.34

N.67 9,520 4,859 | 14,379 | 9.68 1.24 6.83 15.83 | 10.33 13.97

C2 13,984 | 8,965 | 22,949 | 9.23 2.57 6.63 17.04 | 14.21 1594

Flood N.12A 3,149 3,585 6,734 1.97 4.27 3.20 .47 9.66 8.64
N.60 4,249 4,210 8,459 1.76 2.67 221 6.87 8.29 7.58

N.27A 3,072 2,611 5,683 1.62 1.53 1.58 8.94 6.38 777

N.5A 4,695 3,046 7,742 3.20 0.89 2.29 9.57 6.72 8.45

N.7A 6,860 3,854 | 10,713 | 143 | -0.76 0.65 6.10 5.32 5.82

N.67 10,564 | 4,878 | 15443 | 6.92 | -0.69 4.52 8.72 5.28 7.64

Cz2 15,534 | 9,488 | 25,022 | 4.83 0.19 3.07 6.12 7.53 6.66

ANFIS* N.12A 2,840 3,558 6,398 533 | 10.89 8.42 15.85 | 14.82 15.28
N.60 3,909 4,087 7,996 496 | 10.83 7.96 14.08 | 15.31 14.71

N.27A 3,010 2,561 5,571 11.62 | 19.31 15.16 23.06 | 25.81 24.32

N.5A 4,660 2,970 7,630 9.21 | 16.35 11.99 18.10 | 23.48 20.19

N.7A 6,661 3,739 10,400 | 8.66 | 14.13 10.63 15.07 | 21.62 17.42

N.67 9,493 4,734 14,227 | 1291 | 10.72 12.18 16.75 | 18.18 17.23

C2 14,028 | 8,911 22,939 | 11.16 | 7.70 9.82 1570 | 17.37 16.35
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The comparison of maximum accumulative runoff (August to October)
among general, flood and ANFIS* reservoir operation is shown in Table 7.9. The
ANFIS* can reduce the maximum accumulative runoff better than the general
reservoir operations; however, the flood reservoir operation still can reduce more
efficiently than other reservoir operations except that the flood event at N.67 runoff
station will occur more frequently than the others. Due to the higher lateral flow of

Yom River Basin induce to the accumulative runoff at N.67 increase.

The probability of a maximum accumulative runoff at N.5A and C.2 is

lower than for the others, as shown in Figure 7.16 and 7.17.

Table 7.9 Summary of the accumulative runoff by general, flood and ANFIS¥,

reservoir operation

Maximum Maximum Change | Change in Number of flood event (years)
Dam' Con'trol Capacity accumutétive in near | far future y
operation | point (MM runoff in future (%) Present ear Far
present(MCM) (%) future future

General N.12A 2756 2263 17.63 65.62 0 0 2
N.60 3825 3572 -7.61 49.52 0 0 2

N.27A 2916 3291 -0.40 57.70 3 1 4

N.5A 4804 5617 -8.47 32.10 2 1 2

N.7A 6147 7798 -17.07 3591 6 1 5

N.67 7801 12649 2.20 12.70 9 7 9

C2 12087 21440 -1.60 -9.08 4 6 10

Flood N.12A 2756 5046 -42.89 -37.14 2 1 3
N.60 3825 7130 -46.87 -33.16 a 0 1

N.27A 2916 4606 -42.23 -10.46 3 0 2

N.5A 4804 6795 -36.95 -6.65 4 0 2

N.7A 6147 8198 -22.37 17.27 7 3 2

N.67 7801 16368 -18.02 -16.73 13 15 16

C2 12087 28560 -14.96 -30.66 9 9 10

ANFIS* N.12A 2756 2258 -16.08 63.91 0 0 1
N.60 3825 3567 -13.15 48.44 0 0 0

N.27A 2916 3109 -16.21 54.78 2 0 3

N.5A 4804 5623 -20.91 25.06 1 0 2

N.7A 6147 7553 -12.55 36.04 6 1 4

N.67 7801 12586 2.83 10.37 8 6 8

c2 12087 21259 -5.94 -10.70 4 6 9
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7.7.4 Proposed reservoir operation rule curve

From the storage results of the adaptive reservoir operation, the
proposed reservoir operation could be established by using the probability of
monthly storage. (plotting position method) The lower rule curve was derived
from the probability at 20%, while the upper rule curve was derived from the
probability at 80%. A comparison of the proposed, existing, and revised in 2012
reservoir rule curves is shown in Figure 7.18. The proposed rule curve suggests the
release of more water from November to July, while Sirikit Dam should store more
water from August to October.

12000

——ée—Upper Rule Curve : Propose
—+H— Lower Rule Curve : Propose
==8=="Upper Rule Curve : Existing
10000 -=-&=-Lower Rule Curve : Existing
— “f= Upper Rule Curve : Revised 2012 _.;‘a'“'-m'_'_ﬂ‘-.-:__‘%_
— 2= Lower Rule Curve : Revised 2012 M n SR ¢

Storage, MCM

2000

04 : . ' : : ' . : : :
APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR

Figure 7.18 The proposed reservoir rule curves of Sirikit Dam
7.8 Actual application guides

The system is developed for the climate change impact and
adaptation study based on the GCM bias corrected data. The system envisaged the
variables for dam operation by using appropriate release ratio figure under the
consideration of inflow, storage, water demand (through water demand decision
making module), and lateral flow in the downstream area. The medium term and
short term forecasting modules is needed to be applied for such data. There are

many tool for the purpose e.g. the relationship between rainfall and SST Nino 3.4
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(e.g. Chaowiwat and Koontanakulwong, 2012). By using this tool, the near term
weather can be forecasted. However, in the real situation, dam operator will not

know the future climate data.

The adaptive reservoir operation can be applied for the real situation
by using the forecasting weather in the next 3 months. Regarding the input variables
of reservoir operation system included the two main variables: the estimated runoff
and the decision making variable. Hence, the estimated runoff can be used the HEC-
HMS model to simulate the runoff by the forecasting rainfall in next 3 month. Thus,
the forecasting climate in next 3 months can be found from the relationship
between the climate and sea surface temperature. The decision making variables
comprised two dataset: the weather dataset for water demand decision making
module and the weather dataset for reservoir release function. From Figure 7.19, It
can be proposed the new researching issues that it should be brought to consider.

The researched issues for each component can be explained as follows.

Input variables :
sea surface temperature
weather data e.g. rainfall, temperature
and relative humidity

Water demand
I_ Rainfall at the

|
downstream :
|

| by using the ARMA model sea surface | Rainfal (- - - - - -~ [

The water demand for
domestic, business and
industrial

-

balance model

|
|
|
|
| temperature (SST) and climate variables J—’I The inflow and runoff estimation —h————h—
| — — —_— I |
: Water Rainfall - T T = : :
| demand ;i;:::ier Inflow l_ Inflow and Ia_te:al flow | |
| rate | |
| ,  area *- L 4 |
!_ The water demand decision The adaptive reservoir | Release | ANFIS* reservoir operation N _!
making module operation model decision making rules
3 T ?
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Figure 7.19 Flowchart diagram of the adaptive reservoir operation for the real

situation
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The water demand decision making module: The limitation of this
reservoir operation system is the crop cultivation area for water demand estimation
based on the historical cultivated area in Phitsanulok and Chao Phraya lIrrigation
Project and the storage of Sirikit and Bhumibol Dam. The concept of this decision
making module was considered from the relationship of the storage and cultivated
area by using probability tree classification method. However, nowadays there are
many factors affect to the rice planting, the rice cropping system become more

complex that cause difficult to deal with the reservoir and water management.

In the past, the farmer cultivated major and second rice more
restrictively than the present due to the population and economy in the central
region growth very fast. The majority of farmers in the central plain do not have their
ownership on the paddy field, so they have to plant more crops per year much as
possible by using the short ages of rice type. Some paddy types can be growth in 99
- 103 days e.g. Chainat80, Rachini, Pung Thong, Kao Phathum etc.
(http://www.brrd.in.th/) ; normally its planting age about 110 days; so the farmers will
continue planting the rice. Especially the second rice crop in the second round (2nd
second rice) will tend to increase in some irrigation projects. This reason caused the
farmers increase their own efficiency for searching water to subsidy the insufficient
period especially the groundwater is the alternative water resources. It was found
that the planting area was over than the planed area. Hence, the water demand
estimation in this study was assumed the cropping pattern in roughly based on the
entire of irrigation project area. In the real situation, the farmers in each project do
not start to plant the paddy in the same time, it cause this model overestimating
some months. Furthermore, the irrigation efficiency of each project should be
concerned, due to the irrigation system of each project vary on the condition of

hydraulic infrastructure and allocation system.

Furthermore, the other uncertain factors that affected to the farmers
deciding to plant the 2nd second rice including the rice mortgage scheme, economy
factors e.g. the rice price, the cultivated wage for planting rice process and
productive cost etc. Hence, the cropping area will tend to increase continuously; it

caused the water allocation insufficient to serve the water needs. The cropping
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pattern also is one importance issues that should be considered, due to the farmers

did not follow the water allocation plan which issued by RID.

This reservoir operation system can be improved by integrating the
related input variables to deal with the crop cultivation area. Therefore, the
elimination of the limitation of this system is to be concerned on the water budget
and the related factors together to enhance this system more reliability. The
advance techniques should be adopted to forecast the crop cultivation area e.s.

crop weather forecasting model with economic factors.

The water network balance model for this study was focused on the
large scale irrigation projects included Phitsanulok and Chao Phraya Irrigation Projects,
it can be used to study the overview for the reservoir operation only. In the practical
application, the detail of individual irrigation project should be considered for the
water management including the irrigated area, cropping pattern and irrigation
efficiency. The return flow of this study was assumed about 20% by the amount of
water allocation. In the present, the farmers tend to utilize this residual water to
plant the paddy in some insufficient water allocation zone. Therefore, the return

flow of the irrigation projects should be explored more details.

7.9 Summary of adaptive reservoir operation

From the results the adaptive reservoir operation can be summarized

as follows:

1) The ANFIS* reservoir operation will result more water demand of
the PSK and CHY irrigation projects compared with the other reservoir operations.
The ANFIS* reservoir operation will affect to the storage at the end of season to
be higher than the other reservoir operations, that cause the water demand

decision making module to determine more crop cultivation area.

2) The annual and seasonal storage under the ANFIS* reservoir
operation rule will be between the annual and seasonal storage under the
general and flood reservoir operation rule. The ANFIS* reservoir operation will

store more water in the wet season to prepare for more water in the dry season,
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and it will release more water in the dry season in order to keep more space to
allow for storing more water in the wet season that combine the general rule

and flood together.

3) The ANFIS* reservoir operation can reduce the spillage in the
general case in the present and in the near future but spillage will still occur in

the extreme inflow case.

4) The ANFIS* reservoir operation can reduce the water deficit better
than the general dam operation, and it can reduce the maximum water deficit
better than the other reservoir operations. Although the flood reservoir operation
can reduce the water deficit per demand, it will cause fewer crop cultivation

area.

5) The ANFIS* reservoir operation releases more water in both the wet
and dry season, and that causes higher seasonal runoff at the downstream runoff

stations.

6) The ANFIS* reservoir operation can reduce the maximum
accumulative runoff better than the general reservoir operation; however, the
flood reservoir operation still can reduce more efficiently than the other reservoir

operations.
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

1) The performances of different GCMs were compared by using the
goodness of fit tests, and it was found that the MRI-A1B GCM precipitation gives
best performances compared with the other GCMs in this study (see Table 4.1).
Because MRI-GCM grid size is the higher resolution. Regarding the GCM model
which provided the higher mean precipitation can be used to study the flood
situation. Other another hand, the lower mean precipitation can be used to study
the drought or the water management. Furthermore, the GCM models which give
higher temperature and relative humidity can be used to apply for study for the

water demand.

2) The four bias correction methods used for comparison study here
included the Gamma-Gamma transformation, the SD ratio, the Hybrid method,
and the modified rescale method. They were compared to select a suitable bias
correction for the catchment scale climate change impact assessment. The SD
ratio and the Hybrid-GCM method provide a probability distribution pattern for
rainfall closer to the observed pattern, except for lower and higher rainfall
intensity. The hybrid method reduces the biases as well in the high intensity
rainfall in the rainy season, while the SD ratio method is able to reduce biases as
well in the low intensity rainfall in the dry season. The monthly mean rainfall
distribution pattern in the rainy season, the SD Ratio-GCM, and the Hybrid-GCM
values were found to be close to the average observed rainfall, with less residual
range variation. The hybrid bias correction method was found to be the relatively
best bias correction, as it gives better correlation with respect to monthly rainfall

amount in terms of the temporal and spatial distributions.

3) The evaluation of climate change can be summarized as follows:
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3.1) Climate

- The annual maximum temperature will increase in both the

near and far future (+0.79 to +0.83 °Cand +2.47 to +2.64OC).

- The annual minimum temperature will increase in both the

near and far future (+0.69 to +0.73 °C and +2.51 to +2.60°C).

- The annual mean temperature will increase in both the near

and far future (+0.81 to +0.84 °C and +2.54 to +2.66°C).

- The annual evapotranspiration will not change significantly in

the near future (+2.18%) but it will increase in the far future (+8.07% to +8.23%)

- The annual rainfall of the Nan River Basin will increase in the

both near and far future (+4.3% to +5.82% and +10.57% to 12.63%).

- The monthly rainfall for the near future will not change from
the present rainfall pattern; it will tend to increase in terms of magnitude only.
However, the Upper and Lower Nan River Basin will have a chance of a seasonal
shift in rainfall pattern in the far future. The peak rainfall for the far future period
will shift to August, while it occurs in September in the present period. The higher

amount of rainfall will occur though the wet season.
3.2) Hydrological variables

- The annual water demand of both irrigation projects will not
change significantly in either the near or far future (+1.21% to +4.54% and +1.1%

to +6.41%).

- The water demand in the wet season will decrease (-3.38%
to -21.75%) while in dry season it will increase (+3.05% to 21.19%) in both the

near and far future period.

- The annual runoff of the Nan River Basin for the near future
will not change significantly (+3.72% to +5.64), while for the far future it will
increase (8.53% to 11.93%).
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- The monthly inflow of Sikit Dam and the Lower Nan river
Basin for the near and far future periods will not change from the existing runoff

pattern; it will tend to increase in term of quantity only.

- The higher monthly lateral flow of the Middle Nan River Basin
will occur in the early rainy season, however the runoff pattern will tend to

increase in term of quantity only.

4) The impact assessment of the existing dam operations can be
summarized as follows:

4.1) In near and far future, the inflow will increase by 5.64% and
11.93%, respectively.

4.2) In near and far future, the storage of general dam operation
will increase by 7.93% and 12.7%, respectively, while the storage of flood dam
operation will increase 3.20% and 5.75%, respectively.

4.3) In near and far future, the release of general dam operation
will increase by 4.74% and 9.53%, respectively, while the release of flood dam
operation will increase by 4.51% and 10.14%, respectively.

4.4) In the general dam operation, in near future, the water deficit
per demand of PSK will decrease not significantly (-0.19%) but in far future it will
increase by 1.04%. On the other hand, in near and far future, the water deficit
per demand of CHY will increase by 3.53% and 1.67%, respectively.

For the flood dam operation, the water deficit per demand of PSK
will decrease by 1.36% and 1.91%, respectively. On the other hand, in near and
far future, the water deficit per demand of CHY will increase by 2.92% and 4.89%,
respectively.

4.5) In the general dam operation, in near future, the maximum
accumulative streamflow will decrease by -2.04% but in far future it will increase
by 35.41%. On the other hand, the flood dam operation, in near and far future,
the maximum accumulative streamflow will decrease by -31.92% and -16.72%,
respectively.

4.6) Regarding the results of dam operation, the flood dam

operation will cause less flood but it will cause more drought.
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5) The impact assessment on the Plaichumphol O&M Project, it was
found that the annual water deficit per demand in the near future will decrease
by -7.14% while the annual water deficit per demand in the far future will not

change significantly (-0.06).

6) The adaptation system to climate change was developed in the
study (called ANFIS* reservoir operation). The system will result more water
demand for the PSK and CHY irrigation projects. The storage of ANFIS* reservoir
operation at the end of season will be higher than the other reservoir operations
that cause the water demand decision making module determine more crop

cultivation area.

7) The monthly storage of the ANFIS* reservoir operation rule will
be between the monthly general and flood reservoir operation rules. The ANFIS*
reservoir operation will store more water in the wet season to prepare more
water for allocation during the dry season, and it will release more water in the
dry season, which reduce water shortage, and result more space to allow more
storage in the wet season. This ANFIS* will combine the advantage of the general

rule and flood rule together.

8) The ANFIS* reservoir operation can reduce the spillage in the
general case in present and near future periods; however, spillage will still occur

in the extreme inflow case.

9) The ANFIS* reservoir operation can reduce the water deficit
better than the general reservoir operation; however the water deficit per
demand is closer to the general reservoir operation. Furthermore it can reduce

the maximum water deficit better than the other reservoir operations.

10) The ANFIS* reservoir operation releases more water in both the
wet and dry season and that causes higher seasonal runoff at the downstream

runoff stations.

11) The ANFIS* reservoir operation can reduce the maximum

accumulative runoff better than the general reservoir operation, however flood
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reservoir operation still can reduce runoff more efficiently than other reservoir

operations.

8.2 Recommendations

1) For the further study in of the GCM climate data, updated GCM

climate data should be further conducted.

2) Finding a suitable membership function for formulating the ANFIS
consumed a lot of time using trial and error method, and a genetic algorithm can

be applied to solve this problem in the future.

3) Adjusting the cropping pattern with the climate change in each

smaller zone should be considered for the adaptation scheme.

4) In the actual situation, the adaptive reservoir operation system
can enhance more efficiently dealing with water shortage and flood problems by
utilizing medium-term rainfall forecast (3 months ahead) as the input variable
data. The forecasting rainfall can be found from the relationship between rainfall

and SST Nino 3.4 (e.g. Chaowiwat and Koontanakulwong, 2012).

5) According to the impact assessment of the Plaichumphol O&M
Project, it was found that improvement of water management can be
accomplished by adjusting the ANFIS water allocation rules to find a suitable

water demand.

6) If any extreme inflow happen in the future, the storage-release
ratio in developed ANFIS* system should be revised to cope with the future
flood situation because this ANFIS* was develop based on the historical storage

and release data.
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Appendix A

Basic data for water resources analysis
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A.1 The emission scenarios of the IPCC special report on emission scenarios

(SRES)

Emission scenarios are not assessed in this Working Group | Report of the
IPCC. This box summarizing the SRES scenarios is taken from the TAR and has been

subject to prior line-by-line approval by the Panel.

Al. The Al storyline and scenario family describes a future world of very rapid
economic growth, global population that peaks in mid-century and declines
thereafter, and the rapid introduction of new and more efficient technologies. Major
underlying themes are convergence among regions, capacity building and increased
cultural and social interactions, with a substantial reduction in regional differences in
per capita income. The Al scenario family develops into three groups that describe
alternative directions of technological change in the energy system. The three Al
groups are distinguished by their technological emphasis: fossil-intensive (A1FI), non-
fossil energy sources (A1T) or a balance across all sources (A1B) (where balanced is
defined as not relying too heavily on one particular energy source, on the
assumption that similar improvement rates apply to all energy supply and end

technologies).

A2. The A2 storyline and scenario family describes a very heterogeneous world. The
underlying theme is self-reliance and preservation of local identities. Fertility patterns
across regions converge very slowly, which results continuously increasing
population. Economic development is primarily regionally oriented and per capita
economic growth and technological change more fragmented and slower than other

storylines.

B1. The B1 storyline and scenario family describes a convergent world with the same
global population, that peaks in mid-century and declines thereafter, as in the Al
storyline, but with rapid change in economic structures toward a service and
information economy, with reductions in material intensity and the introduction of
clean and resource-efficient technologies. The emphasis is on global solutions to
economic, social and environmental sustainability, including improved equity, but

without additional climate initiatives.
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B2. The B2 storyline and scenario family describes a world in which the emphasis is
on local solutions to economic, social and environmental sustainability. It is a world
with continuously increasing global population, at rate lower than A2, intermediate
levels of economic development, and less rapid and more diverse technological
change than in the B1 and Al storylines. While the scenario is also oriented towards

environmental protection and social equity, it focuses on local and regional levels.



Table A.1 Selected Rainfall Stations in Nan River Basin
Station Name Amphoe Changwat Latitude Longitude Period
26022 A. Chumsaeng Chumsang Nakhonsawan 15-52-48 100-18-22 1994 - 2011
28013 A. Muang Muangnan Nan 18-46-35 100-46-26 1920 - 2011
28022 A. Sa Wengsa Nan 18-34-10 100-45-14 1996 - 2011
28032 A. Na Noi Nanoy Nan 18-19-34 100-43-01 1994 - 2011
28042 A. Pua Pua Nan 19-10-57 100-55-01 1994 - 2011
28053 A. Thung Chang Thungchang Nan 19-23-11 100-52-48 1920 - 2011
28062 Mae Sakhon Forest Protected Wengsa Nan 18-32-00 100-45-00 1999 - 2011
Station Unit5
28073 A. Tha Wang Pha Thawangpha Nan 19-07-04 100-48-47 1968 - 2011
28102 A. Chiang Klang Chengklang Nan 19-17-33 100-51-58 1970 - 2011
28111 Ban Hat Khao San (N.42) Wengsa Nan 18-34-05 100-52-26 1977 - 2011
28131 Yan Sarung (N.35) Nanoy Nan 18-23-46 100-51-04 1969 - 1991
28142 Nan Agrometeorological Muangnan Nan 18-52-00 100-45-00 1975 - 2011
Station
28152 A. Mae Charim Maecharim Nan 18-44-00 101-01-01 1981 - 2011
28164 Doi Phu Ka, A. Pua Pua Nan 19-11-52 100-59-35 1991 - 2011
28172 KA. Song Khwae Sangkwae Nan 19-21-32 100-42-22 1992 - 2011
36052 A. Chon Daen Chondan Phetchaboon 16-11-15 100-51-47 1997 - 2011
36104 Pine Camp Khaokor Phetchaboon 16-45-57 101-02-02 1997 - 2011
36155 Huai Ngaet Wangthong Phisanulok 16-48-06 100-54-04 1983-1995
36162 Khao Ya Palace Khaokor Phetchaboon 16-33-03 100-58-44 1986 - 2011
36172 A. Wang Pong Wangpong Phetchaboon 16-20-20 100-47-49 1986 - 2011
36202 Khao Kho Agrometeorological Khaokor Phetchaboon 16-37-36 100-59-56 1995 - 2011
Station
36342 Ban Lao Ya School Khaokor Phetchaboon 16-45-55 101-01-59 1995 - 2011
38012 A. Muang Muangpichit Phichit 16-26-12 100-21-14 1994 - 2011
38022 A. Bang Mun Nak Bangmunnak Phichit 16-01-35 100-23-56 1996 - 2011
38042 A. Taphan Hin Tapanhin Phichit 16-12-44 100-25-34 1957 - 2011
38072 A. Wang Sai Phun Wangsaipoon Phichit 16-25-00 100-33-00 1979 - 2011
38082 Khao Sai School Thup khlo Phichit 16-10-00 100-33-00 1983 - 2011
38092 Phitchit Agrometeorological Maungphichit Phichit 16-26-10 100-17-20 1994 - 2011
Station
39013 A. Muang Maung Phitsanulok Phisanulok 16-49-24 100-15-43 1920 - 2011
39032 A. Wang Thong Wangthong Phisanulok 16-49-25 100-25-59 1994 - 2011
39042 A. Nakhon Thai Nakhonthai Phisanulok 17-05-56 100-50-31 1994 - 2011
39052 A. Phrom Phiram Phompiram Phisanulok 17-02-56 100-12-14 1994 - 2011
39062 A. Bang Krathum Bangkrathum Phisanulok 16-34-40 100-18-11 1999 - 2011
39072 A. Wat Bot Watbod Phisanulok 16-59-34 100-18-43 1999 - 2011
39082 Phitsanulok Agriculture Maung Phitsanulok Phisanulok 16-51-00 100-21-00 1962 - 2011

Experimental Station
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Table A.1 Selected Rainfall Stations in Nan River Basin (continued)

Station Name Amphoe Changwat Latitude Longitude Period
39091 Ban Yang (N.22) Wat Bot Phisanulok 17-01-57 100-22-23 1965 - 1982
39101 Wang Nok Aen (N.24) Wang Thong Phisanulok 16-50-35 100-31-19 1965 - 2011
39132 Khao Krayang Forest Plantation Wang Thong Phisanulok 16-52-00 100-45-00 1969 - 2011
39142 A. Chattrakan Chadthakarn Phisanulok 17-17-00 100-33-00 1973 - 2011
39151 Nan River Alter Condition Unit Maung Phitsanulok Phisanulok 16-49-15 100-15-50 1973 - 2011
(N.5A)
39161 Ban Nong Bon (N.40) Wat Bot Phisanulok 17-13-14 100-21-11 1978 - 2011
39175 Ban Pong Bon Wang Thong Phisanulok 16-51-04 100-36-58 1980 - 2002
39180 Naresuan Dam Phrom Phiram Phisanulok 17-02-50 100-10-52 1981 - 1993
39202 Phu Miang and Phu Thong Chattrakan Phisanulok 17-23-02 100-34-44 1991 - 2011
39210 Phitsanulok Irrigated Water Uses Phompiram Phisanulok 17-02-46 100-11-10 1986 - 1994
Exp.and Research
39220 Hydrological Center 2 Maung Phitsanulok Phisanulok 16-47-28 100-12-20 1997 - 2011
59162 A. Si Nakhon Srinakhon Sukothai 17-27-00 99-58-00 1976 - 2011
70013 A. Muang Muanguttharadit Uttaradit 17-37-32 100-05-56 1920 - 2011
70022 A. Nam Pat Nam Pad Uttaradit 17-43-35 100-41-17 1994 - 2011
70032 A. Laplae Luplae Uttaradit 17-39-00 100-02-33 1994 - 2011
70042 A. Phichai Pichai Uttaradit 17-17-04 100-05-28 1994 - 2011
70052 A. Tron Tron Uttaradit 17-28-53 100-07-01 1994 - 2011
70062 A. Tha Pla Thapla Uttaradit 17-47-26 100-22-52 1994 - 2011
70072 A. Fak Tha Fak Tha Uttaradit 17-59-25 100-52-55 1994 - 2011
70131 Ban Fai (N.16) Nam Pat Uttaradit 17-44-24 100-42-00 1979 - 1981
70151 Hat Phai (N.12A) Tha Pla Uttaradit 17-44-10 100-32-28 1966 - 2011
70170 Nam Rit R.L.D. Office Muang Uttaradit Uttaradit 17-37-38 100-06-32 1970 - 1989
70180 Nam Pat Headwork Fak Tha Uttaradit 18-02-41 100-55-19 1970 - 1990
70192 Nan River Self-supporing Muang Uttaradit Uttaradit 17-45-00 100-16-59 1977 - 2011
Settlement
70202 A. Ban Khok Ban Kok Uttaradit 18-02-58 101-01-41 1984 - 2011
70212 A. Thong Saen Khan Thong San khun Uttaradit 17-27-39 100-21-14 1985 - 2011
70221 Hat Song Khwae (N.60) Tron Uttaradit 17-24-50 100-07-52 1987 - 2011
70232 Phak Tha Cooperative Fak Tha Uttaradit 17-54-19 100-49-37 1989 - 2011
Settlement
70242 Phu Soi Dao National Park Nam Pat Uttaradit 17-44-45 100-59-02 1993 - 2011
378201 A. Muang Maung Phitsanulok Phisanulok 16-49-24 100-15-43 1920 - 2011
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Table A.2 Selected Runoff Stations in Nan River Basin
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Station Name Amphoe Changwat Latitude Longitude Period
N.1 Nan at Forestry Office Muangnan Nan 18-46-23 100-46-52 1922-1953,1963-2011
N.2B Nan at Ban Mon Mai Muang Uttaradit Uttaradit 17-36-30 100-06-07 1975-1981,1994-1995
N.5A Nan at Muang Maung Phitsanulok 16-49-15 100-15-50 1966-2011
Phitsanulok
N.7 Nan at Phichit Muang Phichit Phichit 16-26-31 100-21-11 1944-1949,1951-2000
N.7A Ban Rat Chang Kwan Muang Phichit Phichit 16-28-03 100-20-05 2011
N.8A Ban Ho Krai Bangmunnak Phichit 16-04-45 100-24-00 2011
N.10A Nan at Taphan Hin Tapanhin Phichit 16-12-42 100-25-01 1978-1984,1986-
1987,1991-2011
N.12A Nan at Ban Hat Phai Thapla Uttaradit 17-44-10 100-32-28 1966-2011
N.13A Nan at Highway Bridge (Ban Wengsa Nan 18-33-12 100-46-08 1987-2011
Bun Nak)
N.14A Nan at Wat Luang Pho Kaeo Chumsang Nakhonsawan 15-53-56 100-18-32 1978-1981,1991-2011
N.22 Khwae Noi at Ban Yang Watbod Phitsanulok 17-01-57 100-22-23 1963-1982,1996-2011
N.24 Nam Khek at Ban Wang Nok Wangthong Phitsanulok 16-50-35 100-31-19 1965-2011
Aen
N.27A Nan at Phrom Phiram Phompiram Phitsanulok 17-01-54 100-11-06 1980-2011
N.36 Khwae Noi at Ban Nong Nakhonthai Phitsanulok 17-04-59 100-49-55 1968-1987,1989-
Krathao 1989,1991-2011
N.40 Khwae Noi at Ban Nong Bon Watbod Phitsanulok 17-13-14 100-21-11 1977-2011
N.49 Nam Yao at Highway Bridge Pua Nan 18-59-29 100-56-31 1979-2011
(Ban Nam Yao)
N.53 Khlong Butsabong at Ban Huai Chondan Phetchaboon 16-11-26 100-55-41 1979-2011
Tum
N.55 Nam Phak at Ban Tha Sakae Chadthakarn Phitsanulok 17-15-10 100-37-52 1994-2011
N.58 Nam Fua at Ban Kok Muang Nakhonthai Phitsanulok 17-08-33 100-56-06 1998-2011
N.59 Lam Nam Khan at Ban Na Nakhonthai Phitsanulok 17-01-43 100-50-46 1996-2011
Chan
N.60 Nan at Ban Hat Song Khwae Tron Uttaradit 17-24-50 100-07-52 1986-2011
N.63 Nam Haeng at Highway Bridge Nanoy Nan 18-21-48 100-43-41 1987-2011
(Ban Hua Muang)
N.64 Nan at Ban Pha Khwang Muang Nan Nan 19-00-31 100-47-17 1994-2011
N.65 Huai Nam yao at Ban Pang Sa Thawangpha Nan 19-13-47 100-45-25 1996-2011
N.66 Huai Om Sing at Ban Om Sing Nakhonthai Phitsanulok 17-07-17 100-53-49 1996-2011
Nua
N.67 Nan at Ban Goey Chai Chumsang Nakhonsawan 15-52-04 100-16-01 1997-2011
N.69 Khwae Noi at Ban Na Thung Nakhonthai Phitsanulok 17-18-57 100-51-11 1999-2011

Yai
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Appendix B

The change evaluation on hydrological variables

B.1 The change on climate and rainfall

B.1.1 The change on climate

The change of climate in the concerned area was used to estimate
the irrigation water demand in Lower Chao Phraya Basin. The change of climate in
Lower Chao Phraya Basin was evaluated in near and far future period. The
climate included maximum, minimum, mean and evapotranspiration. The
monthly mean climate in the Lower Chao Phraya Basin was compared in present,

near and far future period as shown in Figure B.1.
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Figure B.1 The monthly mean climate in Lower Chao Phraya Basin
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B.1.2 The change on rainfall

The change of rainfall in the concerned area include Yom River
Basin, Wang River basin, Upper Ping River Basin, Lower Ping River Basin, Sakaekang
River Basin ,and Lower and Upper Chao Phraya River Basin. The change of rainfall
in the concerned area was evaluated in near and far future period. The monthly
mean rainfall in the concerned area was compared in present, near and far future

periods as shown in Figure B.1 to B.6.
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Figure B.2 The monthly mean rainfall in Yom River Basin
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Figure B.3 The monthly mean rainfall in Wang River Basin
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Figure B.6 The monthly mean rainfall in Lower Chao Phraya River Basin
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Figure B.7 The monthly mean rainfall in Upper Chao Phraya River Basin
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Figure B.8 The monthly mean rainfall in Sakaekang River Basin

B.2 The change on lateral flow

The change of runoff in the concerned area includes Yom River Basin,
Wang River basin, Upper Ping River Basin, Lower Ping River Basin, Sakaekang River
Basin ,and Lower and Upper Chao Phraya River Basin. The change of lateral flow in
the concerned area was evaluated in near and far future period. The monthly mean
runoff in the concerned area was compared in present, near and far future periods as

shown in Figure B.7 to B.10.
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Figure B.9 The monthly mean runoff in Yom River Basin
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Figure B.10 The monthly mean runoff in Wang River Basin
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Figure B.11 The monthly mean runoff in Upper Ping River Basin
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Figure B.12 The monthly mean runoff in Lower Ping River Basin

160 ; ; ; . T ‘ . ‘
| FF increase 16.15% | —e— Present (1979 - 2006)
140 4} | NF decrease 1.00% g.--="Y ---A-Near Future (2015 - 2039)
' , A - - - - Far Future (2075 - 2099)
= 120 4
g
E 100 4
O 350 A ‘ . i
E . ; : FF increase 18.54%
&:" 60 + ¢~ I —— - N\ NF decrease 2.96% " >
g | | | i i i i i
= 40 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
[~
T e

APR MAY JUN JUL AUG SEP OCT NOV DEC JAN FEB MAR

Figure B.13 The monthly mean runoff in Upper Chao Phraya
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Figure B.14 The monthly mean runoff in Sakaekang River Basin
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B.3 Runoff estimation
B.3.1 Rainfall-Runoff Process

This study used HEC-HMS rainfall-runoff model that developed by
the Hydrologic Engineering Centre of US Army Corps of Engineers. This model is a
semi-distributed conceptual model for catchment modeling. The model
simulates the precipitation-runoff and routing processes. A typical HEC-HMS
representation of catchment runoff process is shown in Figure B.11. To represent

the different components of the runoff process, HEC-HMS use different models

including:
- Model that compute runoff volume.
- Model of direct runoff (overland flow and interflow).
- Model of base flow
- Model of channel flow (routing model).
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Figure B.11 Systems diagram of the runoff process at local scale (after Ward, 1975)

1) Model that compute runoff volume

The Soil Conservation Service (SCS) Curve Number (CN) model
estimates precipitation excess as a function of cumulative precipitation, soil

cover, land use, and antecedent moisture, using the following equation:
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— (P_Ia)z
Fe = P—I +S (1)

where P, is accumulated precipitation excess at time t; P is
accumulated rainfall depth at time t; 1, is the initial abstraction (initial loss); and
S is potential maximum retention, a measure of the ability of a watershed to
abstract and retain storm precipitation.

Until the accumulated rainfall exceeds the initial abstraction,
the precipitation excess, and hence the runoff, will be zero. From analysis of
results from many small experimental watersheds, the SCS developed an

empirical relationship of 1, and S:

14/40.2\s 2)

Therefore, the cumulative excess at time t is:

\ (P-0.25)? (3)

P
e P+0.8S

Incremental excess for a time interval is computed as the
difference between the accumulated excess at the end of and beginning of the
period.

The maximum retention, S, and watershed characteristics are
related through an intermediate parameter, the curve number (commonly

abbreviated CN) as:

_ 25400-254CN
1 CN

S (Sh) (@)

where CN values range from 100 (for water bodies) to

approximately 30 for permeable soils with high infiltration rates.
2) Model of direct runoff

Clark’s unit hydrograph (UH) method is used for the
transformation of excess precipitation (runoff volume) to runoff. This method

explicitly represents two critical process of transformation:

« Translation or movement of the excess from its origin throughout

the drainage to the watershed outlet; and

« Attenuation or reduction of the magnitude of the discharge as

the excess is stored throughout the watershed.
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The transformation is defined in the model by two parameters:
time of concentration, tc, and the storage coefficient, R. The basin storage
coefficient, R, is an index of the temporary storage of precipitation excess in the
catchment as it drains to the outlet. It can be estimated via calibration if gaged
precipitation and streamflow data are available. Though R has units of time, there
is only a qualitative meaning for it in the physical sense. Clark (1945) indicated
that R can be computed as the flow at the inflection point on the falling limb of

the hydrograph divided by the time derivative of flow.
3) Model of base flow

Monthly constant method is used for applying base flow
estimation which formulates from the relationship between the previous monthly

rainfall and base flow for wet season (April to October) follows as this equation:
QB = aRt_l + C (5)

where Qg is the baseflow or minimum runoff in present month,
ms/sec, R.1 is the antecedent rainfall amount, mm/month , C is the constant

value.

For dry season, the monthly baseflow could be calculated from
the relationship between the antecedent rainfall amount and minimum runoff in

previous month and minimum runoff in present month. The equation follows as:
Qs =aRi—1 +bQpt—1 +C (6)

where Qg is the baseflow or minimum runoff in present month,
ms/sec, Qg1 is the minimum runoff in previous month, m3/sec, Rui is the

antecedent rainfall amount, mm/month, C is the constant value.
4) Model of channel flow

The Muskingum method is used for the flow routing. This
method is a commonly used hydrological routing method for handling a variable
discharge-storage relationship (Chow et al., 1988). It uses a simple finite difference

approximation of the continuity equation:

It—q+ly  Or—1+0¢ _ St—St—q 7)

2 2 At
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where ly; and I are the inflow hydrograph ordinates at times t-1
and t, m3/sec, respectively, O; and Oy are the outflow hydrograph ordinates at
times t-1 and t, m3/sec, respectively, Si; and S; are the storage in the reach at

. 3 .
times t-1 and t, m™ respectively;

The storage is modeled as the sum of prism and wedge storage.
The prism storage is the volume defined by the water surface profile at steady
stage, while the wedge storage is the additional volume under the profile of the

flood wave. The storage at time t, S, is defined as:

where K is travel time of the flood wave through routing reach;

and X is dimensionless weight (0 < X <0.5)

From Equations (7) and (8), it follows that

0: = (avae) e+ (oraosmms) b1 * Geaomar) 01 ©

The Muskingum method is used for the flow routing. This method
is @ commonly used hydrological routing method for handling a variable
discharge-storage relationship (Chow et al, 1988). The Muskingum Routing
method was selected to model stream routing. Assumptions include a
Muskingum X value of 0.1 (indicating a small, natural stream), a subreach value of
2, and a streamflow speed of 3.0 km/hr was used to calculate Muskingum K

value (length of time to travel a stream reach).

B.3.2 The univariate gradient optimization method

The univariate gradient optimization technique was adopted to
optimize the suitable runoff parameters. Then, the algorithm evaluates the last
adjustment for all parameters to identify the parameter for which the adjustment
yielded the greatest reduction in the objective function. That parameter is
adjusted, using the procedure defined here. This process continues until
additional adjustments will not decrease the objective function by at least 1%
(USACE, 2000). The objective function is sum square residual function that
minimize sum square residual matching with the optimize value for each

parameter.
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The calibrated runoff parameter included initial abstraction (Int)
and Curve number (CN). Sum of squared residuals (Diskin and Simon, 1977). This
is a commonly-used objective function for model calibration. It compares all
ordinates, but uses the squared differences as the measure of fit. Squaring the
differences also treats overestimates and underestimates as undesirable. This
function is implicitly a measure of the comparison of the magnitudes of the

peaks, volumes, and times of peak of the two hydrographs. (USACE, 2000)
Z = %510 — 45 (D1 (10)

where Z is objective function; NQ is number of computed
hydrograph ordinates; qo(i) is the observed flows; qs(i) is calculated flows,

computed with a selected set of model parameters.

B.3.3 Parameter estimation procedures

The univariate gradient method was adopted to optimize the
rainfall-runoff parameters included the initial abstraction (Int), Curve number (CN)
Storage Clark number (Sc). This optimization technique was used to optimize the
parameter of runoff volume. The processes of the optimization will be
attempted to adjust the optimum value of each parameter. The steps of

parameter optimization in HEC-HMS rainfall-runoff model follow as:

1) Select the optimization method, the univariate gradient was

used to apply in this study.

2) Select the objective function, the sum square residual was

used to apply in this study.
3) Define the location or the considering junction.
4) Define the percentage of missing flow (%).
5) Define the start and end date and time.

6) Select the parameter which desire to optimize and set up the

initial value.

7) Set up the range of optimizing value as minimum and

maximum value.
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B.3.4 Specification of rainfall patterns

The specification of rainfall pattern is the process which defines the
type of rainfall pattern in each year. The procedures for specifying the rainfall

pattern follow as:

1) Calculate the accumulative rainfall at the end of each month in
April to October.

2) Find out the slope of the accumulative rainfall in each month by
taking the accumulative rainfall divided by the accumulative days at the end of

the month.

3) Transform the slope of accumulative rainfall to anomaly rainfall

followed as this equation:

g = 3 (11)

(o

Where S’ is the anomaly accumulative rainfall; S is the
accumulative slope; u is the mean of accumulative slope and ¢ is the standard

deviation of accumulative slope.

4) Define the monthly rainfall intensity by classifying the anomaly

slope into 3 levels follow as:

- High intensity is the anomaly slope over than o/2 of anomaly

slope.

- Medium intensity is the anomaly slope between 6/2 and —o/2

of anomaly slope.

- Low intensity is the anomaly slope under than -o/2 of

anomaly slope.

5) Define the rainfall intensity in each month by the classification of

rainfall intensity from step 4 in April to October.

6) Classify the anomaly slope level into the rainfall pattern into 5

Types follow as:

- Type 1 is the high intensity at the mid of rainy season (high

intensity in June and July or August and September)

- Type 2 is the high intensity at the end of rainy season (high
intensity in August to October)
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- Type 3 is the high intensity at the early rainy season (high
intensity in April to May)

- Type 4 is the high intensity at the early rainy season and the
end of rainy season. (High intensity in April to May and August
to October)

- Type 5 is the low intensity at the early rainy season and the
end of rainy season. (low intensity in April to May, July to

August and October.

The example type of rainfall pattern and monthly rainfall intensity

slope show as Figure B.12 and B.13, respectively.
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Figure B.12 The example type of rainfall pattern
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Figure B.13 The example of monthly rainfall intensity slope

B.3.5 Model configuration

The rainfall-runoff model is set up according to the flow direction and
the characteristic of sub basin such as the watershed area and stream length. The
flowchart of the river basin network was formulated as Figure B-14. The boundary
of each sub basins can be generated by using the digital elevation map (DEM).
The calibrated runoff stations included N.1 Nan at the forestry office, Nan, N.13A
Nan at the highway bridge (Ban Bun Nak), Nan, Inflow of Sirikit Dam , N.12A Nan
at Ban Hat Phai, Uttaradit, N.60 Nan at Ban Hat song Khwae, Uttaradit and N.5A
Nan at Ban Goey Chai, Nakornsawan.

However this hydrological model cannot involve the reservoir
operation to simulate the completely runoff of Nan River Basin. This model
considers the historical release of Sirikit as the input variables for the downstream
runoff simulation. This partial runoff simulation can provide the inflow of Sirikit
Dam and the lateral flow of the downstream sub basins for studying reservoir
operation. The model configuration follows as:

1) Input variables preparation

1.1) Observed rainfall is averaged into each sub basin the thiessen
polygon method.
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1.2) Observed runoff is entered into the rainfall-runoff model for

the parameter optimization.

1.3) Bias corrected rainfall in the present (1979 - 2006), near future
(2015 - 2039) and far future (2075 — 2099).

1.4) Release of Sirikit Dam in year 1979 - 2008
2) Input parameters preparation

Initial abstraction (Int) was initiated to set up from the

antecedent rainfall. (previous 1 month rainfall).

Curve number (CN) was initiated to set up by the characteristic
of the soil group and the cover complex in each sub basins. (see McChen,2004,
p.159-162) Hence, the cover complex was estimated from the land use
classification. While the soil group was defined from the soil classification map,

that retrieved from LDD. The initial curve number show as Table C.1.

Time of concentration (tc) follows as:

[0.827xA4%2x24]

> (12)

t. =
where t; is the time of concentration, hours; A is the watershed
2
area, Km

Storage coefficient (S;) follows as: (Russell, Kenning, and
Sunnell, 1979)

S = cXt, (13)

where t; is the time of concentration, hours, ¢ is a calibration
parameter that, depending on the use of the soil, takes the following values:
densely forested area 8 — 12 ,predominantly agricultural area 1.5 - 2.8, towns 1.1
-2.1

Muskingum X value was initiated to set up equal to 0.2.

Muskingum K value was calculated by the length of stream

divide stream flow speed that was assumed as 3.0 Km/hr. (Kawasaki et al., 2010)
3) Model simulation periods
3.1) Model calibration period is year 1990 - 2008.

3.2) Model re-sumulation for parameter function verification is year
1990 - 2008.
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3.3) Model validation period is year 1979 — 1989.

3.4) Runoff simulation for the impact assessment is year 1979 —
2006, year 2015 - 2039 and year 2075 - 2099.
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Figure B.14 The sub basin of Nan River Basin
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Figure B.15 The flowchart of the river basin network

B.3.6 Rainfall-runoff model calibration

The rainfall-runoff model was calibrated by running the HEC-HMS
rainfall-runoff model in year 1990 — 2007. The runoff was simulated in each year

based on daily observed rainfall data basis. The modeling period was run
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separating into 2 seasons, i.e. wet and dry season. The wet season part would run
before dry season in each year due to the baseflow estimation from the previous
monthly rainfall and previous monthly baseflow. (show in Eq.22 in Chapter 4)
.The purpose of the model simulation is to estimate the parameter functions
according to the rainfall patterns. However the univariate gradient optimization
method was used to find the optimum parameters in each year. (The goodness
of fit test in each year is shown as Table C.17.) The goodness of fit indices of the

integrated results whole the calibration period shows in Table B.1.

Table B.1 The goodness of fit indices for model calibration

Inflow N.12A N.60 N.5A N.24 N.1 N.13A
%Diff of Volume 14.01 4.14 6.30 0.08 -38.80 10.42 5.15
R 0.85 0.92 0.77 0.93 0.78 0.87 0.86
R’ 0.73 0.85 0.61 0.87 0.61 0.76 0.75
RMSE 131.93 50.92 83.52 59.84 36.22 76.43 174.60
SE 116.46 37.52 56.47 52.31 12.13 61.21 114.69
Efficiency of Nash 0.63 0.80 0.51 0.81 0.41 0.68 0.67
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Figure B.16 Observed and simulated inflow of Sirikit Dam in year 1995
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Figure B.17 Observed and simulated inflow of Sirikit Dam in year 2006
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Figure B.18 Relationships between observed and simulated data in Nan River Basin

over the period 1990 — 2007 at (a) N.1, (b) N.13A, (c) Inflow, (d) N.12A, (e)
N.60, and (f) N.5A
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Figure B.19 Observed and simulated inflow of Sirikit dam in year 1990 to 2007

B.3.7 Parameter functions analysis

The runoff parameter functions were derived from the parameter
optimization in the model calibration stage. Due to the monthly rainfall in year
1990 - 2006 (17 years) varied in the different pattern. Again the 5 rainfall patterns
which was mentioned in the rainfall patternization procedures, the parameter
functions could be formulated according to the monthly rainfall pattern. The
parameter functions of the sub basin that included initial abstraction (Int), curve
number (CN) and storage coefficient (Sc) show as Table C.2. The goodness of fit

for the re-simulated process show as Table B.3.

The runoff parameter functions were verified by re-simulating the
runoff to evaluate the efficiency of the parameters. The comparison of the
correlation (RZ), the root mean square error (RMSE) and the Efficiency of Nash
between the model calibration and model re-simulation show as Figure B.20 to
B.22, respectively. The results show the model re-simulation give good fit indices

corresponding to model calibration.
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Goodness of fit indices Inflow N.12A N.60 N.5A N.24 N.1 N.13A
9%Diff of Volume 19.78 4.02 4.45 -0.02 -21.07 10.70 8.92
R 0.86 0.92 0.78 0.94 0.81 0.88 0.87
R2 0.74 0.85 0.63 0.88 0.66 0.79 0.77
RMSE 134.78 50.99 83.10 53.45 31.68 73.56 173.35
SE 121.08 37.71 53.25 48.64 14.80 60.03 116.47
Efficiency of Nash 0.59 0.81 0.50 0.85 0.55 0.67 0.63
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Figure B.20 The comparison of the correlation (R") between the model calibration

and re-simulation
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Figure B.21 The comparison of the RMSE between the calibration and re-simulation
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Figure B.22 The comparison of the efficiency of Nash between the calibration and re-

simulation
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B.3.8 Model validation

Due to the mostly observed runoff data in the runoff gauge
stations was recorded only in year 1990 — 2006. However the available observed
runoff which has the longer time series is the inflow of Sirikit Dam, the recorded
data started from 1975 — present. So the model validation stage would simulate
the runoff in year 1979 - 1989, and then compared the simulated runoff result
with the observed inflow of Sirikit Dam. The comparison of the goodness of fit
indices of the model validation show as Table B.3. The comparison between the
observed and simulated inflow show as Figure B.23. For a given initial abstraction
(Int), CN value, storage coefficient (Sc) and base flow were calculated for each
event with the external process, and then combined as a continuous time-series

data to conduct a continuous simulation in HEC-HMS.

Table B.3 The comparison of the goodness of fit indices for validation process

Goodness of fit indices Inflow
%Diff of Volume 15.68
R 0.90
R’ 0.82
RMSE 87.74
SE 82.38
Efficiency of Nash 0.79
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Figure B.23 Observed and simulated inflow of Sirikit dam in year 1979 to 1989
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B.4 The lateral flow of the concerned area estimation

The lateral flow of the concerned area was estimated by adopting from the
previous study and the multiple regression method. The runoff of concerned area
which used the results from the previous study included the Yom River Basin, Ping
River Basin, and Wang River Basin. Regarding these previous study, the runoff
estimation was used HEC-HMS rainfall-runoff model as the tool for the runoff
simulation. On the other hand, The runoff of concerned area which used the results
from the multiple regression method included the Upper Chao Phraya River Basin
and Sakaekang River Basin. This multiple regression was formulated the rainfall-runoff
relationship equations based on the daily basin. However this study was checked the

accuracy from the results from both sources as follow:
B.4.1 The runoff of concerned area validation

The runoff of concerned area was focused in the Yom River Basin, Ping River
Basin, and Wang River Basin. The observed runoff station which used to validate the
runoff simulating results including Y.17, P.17 and W.4A. It was checked the accuracy
by using the goodness of fit test including the correlation of determination (Rz), root
mean square error (RMSE) and standard error (SE). The estimated runoff was

compared with the observed runoff shown in Table B.4 and Figure B.24.

Table B.4 The comparison of the goodness of fit indices

2

Station R RMSE SE
Y.17 0.86 184.87 185.55
p.17 0.69 222.93 221.12

W.4A 0.78 67.01 66.81
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Figure B.24 Relationships between observed and simulated data in Y.17, P.17 and

W.4A

B.4.2 The lateral flow estimation by multiple regression method

The lateral flow of the Sakaekang and Upper Chao Phraya River basin was

formulated from the relationship between the daily rainfall and runoff using the

multiple linear regressions. In the lateral flow of Sakaekang River Basin, the

oberserved runoff station Ct.8 was selected from the station which would not

disturbed from the backwater effect from Chao Phraya River. The rainfall and runoff

data in 2009 - 2012 was used to formulate the equation. The correlation of

determination is 0.64. The rainfall-runoff equation was shown as follows:
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Qug=- 170+ 1.29 Rl + 1.69 R2 + 1.72 R3 + 1.31 R4 + 0.952 R5 + 0.656 R6
+0.629 R7 + 0.256 R8 + 0.199 R9 + 0.164 R10 + 0.023 R11 + 0.039 R12
+0.123 R13 + 0.057 R14 + 0.043 R15 + 0.058 R16 + 0.200 R17 + 0.192 R18
+0.184 R19 + 0.183 R20 + 0.206 R21 + 0.230 R22 + 0.252 R23 + 0.104 R24
+0.119 R25 + 0.167 R26 + 0.257 R27 + 0.235 R28 + 0.286 R29 + 0.217 R30

where R1, R2, R3...R30 is the daily antecedent rainfall in 1, 2, 3, ...., 30 day,

The discharge and watershed area relationship equation for Sakaekang River

Basin was shown as follow:

0.7685
Qs = Qcrs*(A/Acts)

Where Qcgis the discharge at the runoff station Ct.8
A, is the watershed area of Sakaekang River Basin = 4,928 sz
Acg is the watershed area of the runoff station Ct.8 = 3207 Km”

In the lateral flow of Upper Chao Phraya River Basin, the oberserved runoff
station C.30 was selected from the station which would not disturbed from the
backwater effect from Chao Phraya River. The rainfall and runoff data in 1983-1985
was used to formulate the equation. The correlation of determination is 0.53. The

rainfall-runoff equation was shown as follows:

Qs =-2.11 + 0.480 R1 + 0.253 R2 + 0.137 R3 + 0.130 R4 + 0.0262 R5
- 0.0101 R6 + 0.0303 R7 + 0.0454 R8 + 0.137 R9 + 0.0173 R10 + 0.0308 R11
+ 0.0139 R12 + 0.0397 R13 + 0.0147 R14 - 0.0341 R15 + 0.0085 R16
+ 0.0257 R17 + 0.0313 R18 + 0.0162 R19 + 0.153 R20 + 0.0423 R21
+ 0.0437 R22 + 0.0860 R23 + 0.0144 R24 - 0.0091 R25 + 0.105 R26
+ 0.0547 R27 + 0.0169 R28 + 0.0048 R29 + 0.131 R30

where R1, R2, R3....R30 is the daily antecedent rainfall in 1, 2, 3, ..., 30 day,

The discharge and watershed area relationship equation for Upper Chao

Phraya River Basin was shown as follow:

0.9366
Qs = Qc30*(A/A30)

Where Qcgis the discharge at the runoff station Ct.8
A, is the watershed area of Sakaekang River Basin = 1,294 sz

Acsp is the watershed area of the runoff station C.30 = 219 Km”
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Input variables for the rainfall-runoff model



Table C.1 Initial input parameters for model calibration

267

) Watershed
Sub basin Length (KM) 2 Sc (hr) Tc (hr) CN Int (mm)
area (KM(

902 103 2212 128.3 46.31 59.7 23.29
0903/1 36 621 33.3 35.91 42.15 2377
0903/2 22 235 13.6 29.58 42.15 2353
0904/1 37 401 233 32.92 64.88 24.01
0904/2 40 531 83 34.81 64.88 24.13
0904/3 21 532 83.2 34.82 64.88 38.06
0905/1 26 153 24.6 27.16 62.45 85.64
0905/2 45 442 69.1 33.56 63.39 24.13

906 43 612 55l 3581 66.8 55.16
0907/1 34 201 9.1 28.67 64.29 284.76
0907/2 126 3126 141.6 49.62 64.29 57.38

908 a9 754 118 37.34 60 86.06

909 136 2229 348.7 46.38 50.43 2576
0910/1 28 795 79.2 37.73 41.82 28.69
0910/2 22 264 12 30.26 48.44 29.41
0911/1 90 1893 164.4 44.89 76.5 193.66
0911/2 71 757 65.7 37.36 76.5 25

912 112 2458 2135 47.3 76.14 129.73

913 85 1268 110.1 41.43 735 129.11
0914/1 29 415 36 33.13 24.54 325.51
0914/2 73 1699 147.5 43.92 33.46 24.01
0914/3 84 1746 151.6 44.17 33.46 24.5
0914/4 53 690 59.9 36.68 33.46 16.67

915 66 971 Y2 39.28 9.48 102.01

916 105 1861 150 44.73 59.57 38.82
0917/1 32 415 33.4 33.13 64.47 16.67
0917/2 89 1544 133.9 43.09 64.47 25
0917/3 101 4329 201.9 52.96 64.47 25
0917/4 71 937 72 39 64.47 25

Remark : Sc : Clark storage coefficient, Tc : Clark Time of Concentration, CN : Curve Number, Int : Initial

Abstraction
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Sub basin Type Int CN Sc
bo b bo b bo b
0902 1 0.669 49.07 0.00 35.08 -0.01 62.57
0902 2 -0.29 544.40 0.00 35.15 0.06 7.51
0902 3 -2.58 1172.00 0.00 35.12 -0.04 72.67
0902 a 7.94 -1991.00 7.10 -1971.00 -14.74 4237.00
0902 5 1.39 -70.33 0.00 35.18 1.08 -106.80
0903/1 1 -0.10 546.20 -0.02 43.96 0.04 -11.97
0903/1 2 -0.10 546.20 -0.02 43.96 0.04 -11.970
0903/1 3 0.37 -48.98 0.07 -27.45 0.13 -27.03
0903/1 a 3.16 -559.90 0.41 -101.80 -0.28 130.40
0903/1 5 1.03 118.00 0.24 -48.71 -0.22 95.75
0903/2 1 0.88 79.52 0.01 34.09 0.00 9.14
0903/2 2 0.15 319.60 0.00 35.18 0.00 9.14
0903/2 3 -3.40 1555.00 0.35 -115.90 0.00 9.14
0903/2 4 2.21 -282.20 -0.26 100.80 0.00 9.14
0903/2 5 221 -282.20 -0.26 100.80 0.00 9.14
0904/1 1 0.67 -8.52 0.02 21.44 0.00 15.34
0904/1 2 0.31 172.80 0.00 35.18 -0.01 29.53
0904/1 3 -1.53 771.40 0.00 35.18 0.07 -6.05
0904/1 4 1.83 6.98 0.07 18.09 0.04 10.88
0904/1 5 1.83 6.98 0.07 18.09 0.04 10.88
0904/2 1 -0.49 491.50 -0.03 50.32 -0.01 85.34
0904/2 2 1.59 -339.50 0.03 19.96 0.50 -184.10
0904/2 3 -0.65 487.60 0.21 -68.29 -0.26 185.50
0904/2 4 0.60 197.90 0.37 -99.74 0.01 53.22
0904/2 5 1.16 96.41 0.00 36.91 -0.12 94.52
0904/3 1 0.42 119.40 -0.05 52.93 0.21 39.74
0904/3 2 0.64 -13.43 -0.05 71.75 -0.01 96.15
0904/3 3 0.64 -13.43 -0.05 71.75 -0.01 96.15
0904/3 4 2.04 -403.40 0.18 -21.58 0.15 40.12
0904/3 5 0.51 115.30 0.00 35.15 -0.06 92.60
0905/1 1 -1.50 1053.00 0.28 -67.73 0.06 -5.15
0905/1 2 -0.38 743.00 0.01 36.13 -0.01 28.23
0905/1 3 -2.92 1257.00 0.40 -87.32 -0.15 71.36
0905/1 4 -3.78 1367.00 0.12 23.09 -0.04 28.23
0905/1 5 -3.78 1367.00 0.12 23.09 -0.04 28.23

Remark : Int : Initial abstraction, CN : Curve Number, Sc : Clark Storage,

Int = b0*Racc + b, CN = b0*Racc + b, Sc

= b0*Racc + b, Racc = accumulative rainfall
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Sub basin Type Int CN Sc
by b bo b b b
0905/2 1 -1.44 807.60 0.01 35.62 0.10 25.71
0905/2 2 -1.44 807.60 0.01 35.62 0.10 25.71
0905/2 3 -l.64 817.90 0.18 -35.01 -0.39 187.60
0905/2 a -0.98 541.00 -0.18 69.36 1.08 -184.90
0905/2 5 0.94 147.40 0.03 27.69 -0.13 70.26
0906 1 -1.13 625.80 0.00 35.68 0.00 5.92
0906 2 1.12 -705.70 -0.01 58.34 0.00 5.92
0906 3 -0.79 587.00 0.31 -118.00 0.00 5.92
0906 a 1.89 -311.80 -0.07 77.51 0.00 5.92
0906 5 1.05 60.87 0.04 41.28 0.00 5.92
0907/1 1 -1.29 648.00 0.00 35.18 0.00 9.13
0907/1 2 0.99 149.30 0.00 35.18 0.00 9.13
0907/1 3 3.40 -1523.00 0.00 35.18 0.00 9.13
0907/1 4 3.85 -1534.00 0.00 35.18 0.00 9.13
0907/1 5 2.89 -332.00 0.00 35.18 0.00 9.13
0907/2 1 -1.52 483.00 0.00 35.17 0.09 175.30
0907/2 2 -1.52 483.00 0.00 35.17 0.09 175.30
0907/2 3 3.51 -979.40 -0.01 38.11 2.46 -724.70
0907/2 4 0.63 133.30 0.00 35.17 -2.46 964.10
0907/2 5 -1.04 554.90 0.00 35.18 -0.89 338.00
0908 1 2.16 -133.00 0.00 35.45 0.00 5.32
0908 2 0.48 61.63 0.00 53.88 0.00 5.32
0908 3 0.48 61.63 0.00 53.88 0.00 5.32
0908 4 -1.01 621.50 0.01 49.10 0.00 5.32
0908 5 0.98 102.10 0.11 30.22 0.00 5.32
0909 1 0.63 47.28 0.11 3.84 0.00 4.46
0909 2 0.19 193.90 0.02 8.80 0.00 4.46
0909 3 0.19 193.90 0.02 8.80 0.00 4.46
0909 4 -1.71 696.40 0.54 -131.60 0.00 4.46
0909 5 0.96 304.00 -0.07 60.73 0.00 4.46
0910/1 1 5.54 -1574.00 -0.04 34.76 0.00 37.24
0910/1 2 0.37 129.20 -0.04 49.10 0.15 -99.06
0910/1 3 8.45 -2786.00 0.00 17.71 0.00 37.25
0910/1 4 0.00 500.00 0.00 17.71 0.00 37.29
0910/1 5 2.75 -317.60 -0.52 154.30 -0.39 131.70

Remark : Int : Initial abstraction, CN

Int = b0*Racc + b, CN = b0*Racc + b, Sc

: Curve Number, Sc : Clark Storage,

= b0*Racc + b, Racc = accumulative rainfall
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Sub basin Type Int CN Sc
b0 b b0 b b0 b
0910/2 1 1.89 -84.20 0.02 29.12 0.00 12.00
0910/2 2 1.14 111.60 0.03 26.40 0.00 12.00
0910/2 3 0.73 -165.40 0.22 -73.30 0.00 12.00
0910/2 a 0.00 500.00 0.00 35.18 0.00 12.00
0910/2 5 1.06 -65.96 0.02 31.88 0.00 12.00
0911/1 1 -0.29 567.40 0.03 27.43 0.27 243.50
0911/1 2 0.10 240.20 0.00 35.50 1.87 62.47
0911/1 3 0.41 222.40 0.00 35.39 -0.11 1039.00
0911/1 a 0.00 500.00 0.00 35.07 0.00 1000.00
0911/1 5 0.60 222.40 0.00 35.07 0.00 1000.00
0911/2 1 0.00 500.00 0.00 76.50 0.00 65.69
0911/2 2 0.12 409.70 0.00 76.50 0.00 65.69
0911/2 3 3.56 -1058.00 0.00 76.50 0.00 65.69
0911/2 4 0.56 237.00 0.00 76.50 0.00 65.69
0911/2 5 0.56 237.00 0.00 76.50 0.00 65.69
0912 1 -0.56 465.20 0.00 2.82 0.00 13.49
0912 2 0.46 -52.85 0.00 3.01 0.03 10.50
0912 3 1.90 -284.40 0.03 -4.38 -0.03 24.23
0912 4 0.93 45.95 0.00 2.50 0.03 5.62
0912 5 94.89 -17341.00 0.05 -6.17 0.32 -43.75
0913 1 0.00 500.00 0.00 35.01 -0.07 62.42
0913 2 0.97 -262.70 0.01 30.74 0.00 51.25
0913 3 0.97 -262.70 0.01 30.74 0.00 51.25
0913 4 1.52 -448.10 0.00 35.17 0.06 20.21
0913 5 1852 -448.10 0.00 55817 0.06 20.21
0914/1 1 0.00 500.00 0.00 35.18 -0.16 113.40
0914/1 2 0.00 500.00 0.00 35.18 -0.16 113.40
0914/1 3 -3.41 1467.00 -1.96 664.30 0.00 7.39
0914/1 4 -2.71 1365.00 -0.07 53.47 0.07 -10.70
0914/1 5 3.00 -423.90 0.00 35.87 0.27 -32.87
0914/2 1 -0.59 487.20 0.02 29.34 0.00 94.97
0914/2 2 0.90 -528.80 0.00 35.18 -0.07 221.20
0914/2 3 -1.54 818.10 0.00 35.18 -0.19 196.60
0914/2 4 2.01 -224.40 0.00 35.18 0.75 -63.14
0914/2 5 -20.85 4345.00 0.00 35.18 -0.29 204.20

Remark : Int : Initial abstraction, CN : Curve Number, Sc : Clark Storage,

Int = b0*Racc + b, CN = b0*Racc + b, Sc = b0*Racc + b, Racc = accumulative rainfall
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Sub basin Type Int CN Sc
b0 b b0 b b0 b
0914/3 1 0.00 500.00 0.00 35.02 0.00 450.14
0914/3 2 0.00 500.00 0.00 36.24 0.98 29.07
0914/3 3 0.000 500.00 0.00 36.24 0.98 29.07
0914/3 a -2.288 990.50 -0.01 37.61 -1.83 956.10
0914/3 5 -20.150 4139.00 0.00 35.17 -40.42 8456.00
0914/4 1 -0.553 285.30 0.03 29.17 0.18 30.16
0914/4 2 0.900 -796.30 -0.07 102.00 0.39 -292.90
0914/4 3 0.050 51.76 -0.03 52.63 0.00 60.53
0914/4 a 1.113 -429.90 -0.15 92.64 0.00 85.92
0914/4 5 0.583 -86.14 -0.32 139.90 -0.26 127.50
0915 1 -0.840 521.50 -0.03 23.24 0.09 24.24
0915 2 0.286 -108.80 -0.03 50.38 -0.03 83.27
0915 3 0.286 -108.80 -0.03 50.38 -0.03 83.27
0915 4 -2.874 1092.00 -0.12 57.71 0.26 -19.05
0915 5 0.00 500.00 -0.21 57.19 2.58 -461.20
0916 1 0.00 22.60 0.00 4.10 0.00 6.55
0916 2 0.00 22.60 0.00 4.95 0.00 6.55
0916 3 0.00 22.60 0.00 5.39 0.00 6.55
0916 4 0.00 22.60 0.00 3.02 0.00 6.55
0916 5 0.00 22.60 0.00 4.28 0.00 6.55
0917/1 1 0.425 157.50 -0.01 38.27 0.00 32.58
0917/1 2 0.00 500.00 0.00 36.03 0.00 33.88
0917/1 3 -0.645 374.30 0.02 28.39 0.00 33.87
0917/1 4 3.978 -909.10 -0.01 41.48 0.00 33.36
0917/1 5 3.978 -909.10 -0.01 41.48 0.00 33.36
0917/2 1 -1.084 818.10 0.00 64.47 0.00 133.92
0917/2 2 1.119 -449.40 0.00 64.47 0.00 133.92
0917/2 3 -4.135 1424.00 0.00 64.47 0.00 133.92
0917/2 4 -1.793 914.50 0.00 64.47 0.00 133.92
0917/2 5 -5.156 1206.00 0.00 64.47 0.00 133.92
0917/3 1 1.551 -249.00 0.00 64.47 0.00 201.92
0917/3 2 0.491 -52.00 0.00 64.47 0.00 201.92
0917/3 3 0.491 -52.00 0.00 64.47 0.00 201.92
0917/3 4 1.381 -68.57 0.00 64.47 0.00 201.92
0917/3 5 -0.973 442.00 0.00 64.47 0.00 201.92

Remark : Int : Initial abstraction, CN : Curve Number, Sc : Clark Storage,

Int = b0*Racc + b, CN = b0*Racc + b, Sc

= b0*Racc + b, Racc = accumulative rainfall
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Sub basin Type Int CN Sc
b0 b b0 b b0 b
0917/4 1 -1.813 533.70 0.00 64.47 0.00 72.00
0917/4 2 0.339 -12.29 0.00 64.47 0.00 72.00
0917/4 3 0.393 -55.06 0.00 64.47 0.00 72.00
0917/4 a 1.845 -131.90 0.00 64.47 0.00 72.00
0917/4 5 1.845 -131.90 0.00 64.47 0.00 72.00

Remark : Int : Initial abstraction, CN : Curve Number, Sc : Clark Storage,

Int = b0*Racc + b, CN = b0*Racc + b, Sc

= b0*Racc + b, Racc = accumulative rainfall



Table C.3 Observed inflow of Sirikit Dam

Year Inflow (MCM/month) Annual
APR | maYy | JUN | JuL | Auc | sep | oct | nov | DEC | uan | FeB | mar | (MCM)

1975 64 184 | 669 | 1,091 | 2767 | 1924 | 887 | 311 | 168 | 167 | 170 127 8,574
1976 107 186 | 357 | 600 | 1,31 | 1,596 | 993 | 370 | 223 | 202 | 77| 133 6,287
1977 118 217 | 149 | 530 | 998 | 1,047 | 445 | 266 | 144 | 122 | 99 95 4,239
1978 129 118 | 356 | 1,005 | 1,804 | 1,643 | 735 | 250 | 140 | 123 | 61 96 6,419
1979 88 237 | 532 | 306 | 1,085 | 688 | 311 | 146 92| 9% | a3 78 3,684
1980 69 130 | 382 | 1,069 | 1,130 | 2427 | 504 | 223 | 135 | 100 | 34 99 6,312
1981 79 435 | 380 | 2792 | 1583 | 1,171 | 618 | 313 | 155 | 131 | 114 55 7,886
1982 137 125 | 212 | 695 | 1,069 | 1,457 | 925 | 255 | 115 | 102 | 69 75 5212
1983 113 221 196 | 572 | 1251 | 1347 | 896 | 329 | 159 | 130 | 120 106 5451
1984 122 221 | 376 | 1,230 | 1,500 | 1,637 | 627 | 271 | 136 | 127 | 105 95 6,454
1985 129 179 | 220 | 590 | 1,868 | 1,054 | 439 | 347 | 168 | 124 | 115 131 5,400
1986 164 a66 | 410 | 913 | 866 | 812 | 384 | 208 | 121 | 76| 66 72 4,457
1987 62 88 | 161 142 | 952 | 661 | a15| 222| 90| 79| 66 50 3,014
1988 89 311 | 346 | 818 | 1464 | 636 | 414 | 165 | 104 | 74| 76 63 4,518
1989 47 219 | 237 | 643 | 828 | 941 | 492 | 174 | 93| s | 80 59 3,960
1990 49 200 | 361 | 731 | ssa | 886 | 396 | 220 | 97| 8 | 45 29 4,042
1991 68 207 | 261 | 348 | 827 | 846 | 413 | 167 86 | 82| 67 64 3,432
1992 45 58 91| a18 | 693 | 741 | 440 | 177 | 151 | 94| 50 75 3,058
1993 70 126 | 206 | 787 | 643 | 650 | 322 | 131 81| 66| 58 92 3,228
1994 67 218 | a11 | 875 | 3272 | 1665 | 632 | 255 | 184 | 119 | 85 56 7,824
1995 52 13¢ | 211 | 1,019 | 3300 | 2614 | 744 | 510 | 211 | 157 | 149 96 9,297
1996 151 195 | 388 | 886 | 1,593 | 1,197 | 745 | 316 | 161 | 124 | 99 51 5,850
1997 97 107 70 | 461 | 1125 | 1368 | 739 | 249 | 134 | 112 | 73 72 4,606
1998 96 103 | 144 | 504 | 658 | 1,055 | 265 | 160 | sa| 71| 67 74 3,402
1999 116 238 | 432 | 459 | 1579 | 2194 | 686 | 285 | 128 | 142 | 146 101 6,500
2000 111 421 | 517 | 1181 | 1,055 | 1433 | 643 | 287 | 176 | 138 | 108 | 202 6,245
2001 83 284 | 333 | 1203 | 2741 | 1642 | 610 | 286 | 177 | 146 | 123 91 7,698
2002 61 547 | 653 | 778 | 1531 | 1668 | 622 | 327 | 220 | 186 | 143 159 6,937
2003 102 120 | 268 | 93¢ | 1,204 | 1607 | 370 | 216 | 133 | 138 | 105 81 5,343
2004 127 222 | 666 | 1,239 | 159 | 2225 | 511 | 259 | 178 | 169 | 108 112 7,399
2005 114 108 | 451 | 686 | 1,772 | 1,868 | 848 | 322 | 203 | 169 | 125 92 6,309
2006 166 a6s | 287 | 728 | 2357 | 1536 | 936 | 266 | 213 | 164 | 140 122 7,321
2007 105 265 | 361 | 391 | 1,092 | 1,035 | 896 | 276 | 184 | 137 | 145 104 5,021
2008 136 302 | 772 | 1,503 | 2095 | 1,137 | 654 | 368 | 223 | 181 | 143 129 7,648
2009 141 205 | 329 | 104 | 770 | 775 | 466 | 216 | 143 | 136 | 97 84 4,393
2010 69 115 | 155 | 635 | 2288 | 1,761 | 513 | 207 | 189 | 116 | 93 | 117 6,289
2011 133 512 | 1,094 | 1,950 | 3,183 | 2341 | 1,063 | 375 | 252 | 215 | 144 | 122 | 11,285
Mean 99 200 | 361 | 866 | 1512 | 1,369 | 592 | 258 | 151 | 123 | 97 91 5,757
Max 166 547 | 1,094 | 2,792 | 3300 | 2614 | 1,063 | 510 | 252 | 215 | 149 | 202 | 11,285
Min 45 58 0| 12| ea3| 636 | 265 | 131 81| 66| 34 29 3,014
Stdev 35 131 | 209 | 509 | 759 | 559 | 207 80| ar| 37| 34 34 1929
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Table C.4 Observed inflow of Bhumibol Dam

Year Inflow (MCM/month) Annual
(MCM)
APR MAY JUN JUuL AUG SEP oCT NOV DEC JAN FEB | MAR

1975 55 123 552 619 | 1,555 2,493 1,717 857 440 257 | 162 88 8,914
1976 52 229 164 87 547 1,008 1,555 785 295 358 83 17 5,207
1977 79 181 67 109 528 2,345 1,021 650 282 263 70 52 5,570
1978 3 159 59 | 1,174 | 1,497 1,717 1,564 398 262 83 28 17 6,969
1979 12 156 424 149 531 732 952 113 54 22 12 5 3,158
1980 9 350 443 345 625 2,001 1,616 462 310 100 69 17 6,506
1981 170 200 297 679 | 1,109 955 700 924 384 173 34 27 5,556
1982 72 237 634 307 677 1,503 1,175 425 205 108 46 14 5,332
1983 0 36 68 37 402 1,139 1,485 1,407 370 149 75 9 5,196
1984 18 53 304 189 514 940 dchl 398 191 70 34 13 4,040
1985 24 112 272 414 523 1,241 1,156 1,467 424 193 | 127 73 6,081
1986 80 297 225 329 679 938 615 286 183 104 30 12 3,746
1987 46 43 224 19 893 1,246 979 793 268 110 40 1 4,625
1988 8 340 769 533 752 848 1,813 714 326 165 67 9 6,337
1989 0 140 368 351 514 664 1,458 448 216 78 23 3 4,275
1990 12 267 292 205 440 1,014 943 465 182 50 9 0 3,867
1991 0 41 247 182 924 1,227 863 505 168 102 25 5 4,289
1992 0 1 31 143 611 1,305 1,208 353 351 151 32 31 4,217
1993 0 49 68 73 174 925 612 164 102 32 12 62 2,357
1994 84 253 510 718 | 1,997 2,381 988 a41 334 168 88 91 8,014
1995 46 234 170 337 | 1,453 2,191 1,118 468 243 173 | 244 126 6,874
1996 117 221 444 392 | 1,003 2,101 1,227 734 247 166 93 105 6,853
1997 119 40 33 296 916 1,003 1,164 334 146 80 51 27 4,091
1998 2 13 4 99 262 690 13 7e 69 36 4 0 2 1,321
1999 5 486 370 148 871 1,168 1,232 1,271 251 110 95 46 6,224
2000 177 696 645 484 623 1,096 950 518 194 99 29 134 5,469
2001 0 234 150 409 | 1,406 759 746 530 194 126 48 12 4,630
2002 16 379 251 326 945 2,990 1,112 1,287 589 384 | 205 149 8,685
2003 66 134 126 354 444 1,135 424 137 8 3 0 0 2,765
2004 0 350 663 468 796 1,455 598 199 109 26 18 24 4,775
2005 71 51 238 466 953 2,659 1,231 848 308 143 59 40 7,147
2006 150 643 515 705 | 1,274 2,763 1,634 440 254 164 | 102 19 8,514
2007 1 994 aa7 321 651 1,347 1,834 482 221 75 36 0 6,418
2008 10 560 289 249 709 1,112 1,589 1,064 218 44 0 24 5,886
2009 29 390 688 580 664 1,452 1,970 376 89 30 0 0 6,239
2010 0 0 21 150 | 1,124 | 1,509 | 2,067 427 121 12 4 | 157 | 5,640
2011 236 1,010 908 979 | 2,592 2,843 2,895 687 407 283 82 5 12,691
2012 59 331 305 326 660 1,516 784 338 126 28 38 56 4,510
Max 236 1,010 908 | 1,174 | 2,592 2,990 2,895 1,467 589 384 | 244 157 12,691

Min 0 0 4 19 174 664 137 69 8 3 0 0 1,321

Mean 48 264 323 362 864 1,484 1,222 586 240 123 57 39 5,605
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUuL AUG SEP oCT NOV DEC JAN FEB MAR
1979 904 822 515 577 743 465 499 533 306 206 168 274 5,387
1980 278 319 244 229 206 792 492 324 347 474 584 734 5,545
1981 801 739 785 701 1,347 597 464 540 344 450 614 829 8,353
1982 944 636 299 504 688 321 292 345 282 475 587 696 6,215
1983 1,090 689 286 521 376 207 126 73 49 165 471 816 4,571
1984 793 500 293 357 682 888 311 522 151 441 712 1,093 6,992
1985 1,041 605 287 287 214 340 93 126 115 191 593 917 4,550
1986 781 759 727 608 405 362 442 735 237 332 776 762 6,894
1987 750 676 321 481 475 206 100 178 36 170 560 445 3,882
1988 234 190 99 209 169 218 207 139 60 182 355 424 2,863
1989 611 631 148 203 482 519 203 290 86 219 402 793 4,747
1990 770 663 516 | 443 490 617 354 339 176 210 530 729 5,694
1991 627 339 148 | 328 382 112 175 249 135 194 338 a76 3,306
1992 432 286 60 76 83 181 58 276 267 187 440 544 2918
1993 459 408 299 | 397 810 369 108 458 134 151 229 265 3,771
1994 143 150 157 85 393 538 235 490 345 378 656 901 5,086
1995 758 649 482 | 319 1,234 2,440 825 495 365 466 745 953 9,926
1996 955 771 798 | 610 824 668 286 334 207 331 575 770 6,927
1997 752 658 384 | 421 a41 364 290 a27 308 391 643 623 5,524
1998 574 293 202 | 173 349 228 178 306 203 344 a15 523 3,454
1999 238 127 63 | 112 249 450 84 69 78 540 894 996 4,401
2000 738 490 366 | 283 361 249 335 322 490 782 958 824 6,521
2001 1,061 430 158 | 405 1,034 1,462 260 196 a73 693 903 1,121 8,197
2002 1,063 840 419 665 578 364 273 297 241 723 836 910 6,768
2003 622 891 475 545 456 335 203 559 483 482 639 755 6,568
2004 743 417 219 444 243 505 301 598 748 828 795 884 6,622
2005 639 707 394 356 238 343 248 253 570 723 744 854 6,174
2006 744 346 229 156 321 418 545 215 662 831 646 678 5,614
2007 567 211 455 482 539 347 260 390 496 659 652 632 5,895
2008 772 471 445 474 329 276 215 241 706 878 868 1,014 6,941
2009 1,024 838 523 416 563 510 420 446 713 692 716 689 6,872
2010 346 233 306 275 341 286 197 162 436 863 919 775 5,481
2011 378 168 198 562 2,348 2,416 1,258 556 959 | 1,504 | 1,630 1,043 12,640
2012 760 774 729 545 466 284 213 528 775 490 654 750 6,208
Max 1,090 891 798 701 2,348 2,440 1,258 735 959 | 1,504 | 1,630 1,121 12,640
Min 143 127 60 76 83 112 58 69 36 151 168 265 2,863
Mean 688 521 354 390 555 549 310 353 353 490 654 750 5,927




Table C.6 Monthly mean observed runoff of N.27A station
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Year Monthly mean runoff (MCM/month) Annual
APR MAY | JUN | JUL | AuG SEP ocT | Nov | DEC | JAN FEB MaR | (MCM)

1979 572 614 | 500 | 480 | 747 730 | 639 378 | 267 | 179 184 251 5,167
1980 193 245 | 248 | 335 | 621 | 1550 | 517 208 | 215 | 274 365 462 5,751
1981 711 902 | 858 | 923 | 1,654 736 | 526 637 | 381 | 413 572 743 9,209
1982 864 628 | 301 | 453 | 618 592 | 377 372 | 312 | a48 538 552 6,235
1983 1,044 731 | 313 | 405 | 346 303 | 315 165 85 | 139 377 728 4,594
1984 648 448 | 408 | 300 | ass 912 | a7 516 | 190 | 395 574 891 6,581
1985 987 648 | 361 | 390 | 205 aaq | 337 288 | 248 | 187 449 774 4,905
1986 574 660 | 769 | 586 | 335 31 | 175 495 | 257 | 239 573 485 5,468
1987 554 520 | 356 | 343 | 456 294 | 118 183 | 123 | 194 445 349 3,506
1988 121 305 | 153 | 239 | 119 62 63 39 78 | 124 130 104 1,761
1989 305 591 | 278 | 211 | 170 352 26 142 84 | 147 248 598 3,287
1990 440 495 | 681 | 350 | 198 555 | 164 206 | 178 | 127 335 475 4,219
1991 455 312 | 183 | 244 | 435 184 66 152 | 177 | 158 206 242 2,597
1992 238 179 | 103 | 94 | 193 185 93 69 | 206 96 213 310 2,116
1993 377 399 | 317 | 296 | 554 440 21 316 | 206 | 129 187 245 3,236
1994 126 212 | 494 | 172 | 608 | 1,140 | 161 333 | 375 | 254 469 661 5,439
1995 559 508 | 478 | 261 | 1,444 | 3011 | 1,247 586 | 418 | 314 504 741 | 10,267
1996 756 778 | 916 | 548 | 951 | 1,423 | 76l 461 | 301 | 178 336 516 7,703
1997 535 553 | 327 | 298 | 362 529 | 349 341 | 331 | 188 430 408 4,588
1998 472 305 | 207 | 266 | 253 159 51 228 | 238 | 282 352 418 3,028
1999 268 327 | 137 | 105 | 300 896 | 194 111 16 | 377 670 766 4,523
2000 623 622 | 532 | 304 | a2 672 | 432 216 | 392 | 540 615 648 6,201
2001 704 488 | 272 | 403 | 1,265 | 1,699 | 506 248 | 444 | 515 564 739 7,822
2002 677 608 | 403 | ar0 | 757 | 1118 | 419 q01 | 188 | 392 511 606 6,271
2003 398 657 | 519 | 549 | 594 663 | 169 422 | 314 | 326 443 506 5,691
2004 530 3504 | 446 | 491 | 259 968 | 248 499 | 653 | 580 581 664 6,278
2005 535 623 | 397 | 360 | 244 770 | 362 232 | 387 | 500 521 600 5,637
2006 642 672 | 505 | 330 | 4% | 1,520 | 1,490 283 | 503 | 592 507 508 7,891
2007 485 467 | 434 | 425 | 505 600 | 560 258 | 396 | 421 395 383 5373
2008 530 314 | 294 | 300 | 295 451 | 274 303 | 424 | 515 482 603 4,909
2009 615 508 | 364 | 217 | 177 301 | 295 200 | 314 | 269 261 208 3,330
2010 172 224 | 290 | 240 | 492 a0 | 273 131 | 289 | 607 614 544 4,674
2011 278 199 | 162 | 431 | 2642 | 2858 | 1,754 387 | 530 | 808 | 1,037 673 | 11,480
2012 358 543 | 553 | 387 | 353 537 | 222 327 | 416 | 330 445 527 4,640
Max 1,044 902 | 916 | 923 | 2642 | 3011 | 1,754 637 | 653 | 808 | 1,037 891 | 11,480
Min 121 179 | 103 | 94 | 119 62 21 39 16 96 130 104 1,761
Mean 510 491 | 399 | 360 | 575 810 | 402 301 | 292 | 330 445 527 5423




Table C.7 Monthly mean

observed runoff of N.5A station
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUL AUG SEP ocT NOV DEC JAN FEB MAR
1979 817 796 37 664 985 881 680 612 409 259 192 282 6,786
1980 288 388 501 660 1,269 2,572 1,068 370 451 376 472 598 9,399
1981 674 938 959 1,278 2,198 1,074 736 725 518 451 564 749 11,079
1982 890 681 394 508 748 1,096 719 498 460 491 565 610 7,790
1983 1,020 762 387 507 554 828 701 352 259 208 421 744 6,462
1984 739 508 663 463 760 1,373 993 657 392 471 618 946 8,852
1985 1,009 663 405 630 625 856 885 635 473 265 435 783 7,333
1986 679 906 1,090 836 701 794 340 645 456 318 671 609 7,923
1987 557 568 387 322 655 586 351 243 244 188 447 354 4,496
1988 152 596 303 401 356 227 310 113 254 188 169 130 3,407
1989 361 646 573 328 312 575 216 252 258 231 309 591 4,809
1990 517 700 1,181 637 457 1,049 452 332 336 192 404 568 6,857
1991 550 406 283 309 867 675 382 230 287 200 237 275 4,419
1992 268 206 156 144 560 458 277 (L5 306 123 248 361 3,342
1993 387 444 434 375 624 813 140 349 270 139 198 271 4,184
1994 128 334 946 479 1,195 1,955 463 409 482 278 496 687 8,389
1995 667 650 688 458 2,226 3,885 2,118 902 511 350 573 857 14,080
1996 861 1,001 1,188 770 1,531 2,236 1,474 706 466 265 425 614 11,264
1997 588 594 389 436 667 968 741 428 430 192 433 424 6,206
1998 503 364 239 558 453 396 137 279 232 242 336 416 3,985
1999 335 521 356 218 632 1,569 668 394 103 412 716 821 7,124
2000 714 884 811 684 750 1,330 873 431 a72 593 666 737 8,974
2001 742 600 440 678 1,810 2,130 863 376 509 562 602 778 10,069
2002 719 681 523 644 15225 2,022 880 598 264 446 578 676 8,983
2003 445 707 651 744 915 1,128 374 484 364 367 485 525 7,285
2004 541 448 a7 704 575 1,400 518 564 706 611 603 681 8,158
2005 600 673 583 554 494 1,292 766 381 442 549 542 619 7,420
2006 527 621 565 499 708 1,935 1,950 437 452 498 428 434 9,071
2007 544 678 564 580 T 1,078 1,069 365 460 463 439 403 7,420
2008 543 400 390 442 580 806 533 427 446 524 661 638 6,462
2009 615 525 515 419 311 455 443 254 406 394 343 349 4,743
2010 329 305 334 293 629 781 585 390 438 719 771 711 6,518
2011 446 362 397 702 3,105 3,828 2,501 624 687 996 1,167 731 15,102
2012 412 624 683 528 420 705 300 392 525 381 491 575 5,624
Max 1,020 1,001 1,188 1,278 3,105 3,885 2,501 902 706 996 1,167 946 15,102
Min 128 206 156 144 311 227 137 113 103 123 169 130 3,342
Mean 564 594 572 543 902 1,287 750 440 405 381 491 575 7,471




Table C.8 Monthly mean observed runoff of N.7A station
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUuL AUG SEP oCT NOV DEC JAN FEB MAR
1979 872 860 984 765 | 1,165 1,150 813 687 474 265 174 255 7,884
1980 292 422 658 976 | 1,645 3,137 | 1,862 593 565 404 483 630 12,118
1981 744 1,016 1,084 1,463 | 2,835 1,465 922 863 701 526 602 816 13,198
1982 905 712 473 564 844 1,515 | 1,341 791 571 540 597 618 9,551
1983 984 797 471 599 805 1,223 | 1,171 827 460 302 468 757 8,593
1984 713 551 848 616 859 1,590 | 1,417 903 520 496 611 907 10,298
1985 982 724 524 806 925 1,187 | 1,397 1,550 832 321 464 763 10,159
1986 666 975 1,174 938 834 969 408 667 521 281 629 592 8,534
1987 546 567 429 333 719 939 985 397 365 213 419 364 5,890
1988 161 708 365 499 570 426 641 318 334 199 183 157 4,734
1989 334 676 881 430 353 693 396 332 324 224 275 562 5,686
1990 539 751 1,503 880 633 1,302 712 426 416 183 399 592 8,302
1991 504 399 321 303 933 18115 616 332 337 204 228 268 5,306
1992 252 12 99 137 714 764 583 279 358 133 222 349 4,051
1993 401 481 530 421 696 1,139 300 408 348 140 209 279 5,102
1994 152 432 1,435 913 | 1,573 2,838 | 1,245 568 702 549 628 737 12,339
1995 719 739 774 675 | 2,600 4,142 | 3,154 1,284 845 762 686 892 17,569
1996 1,016 1,357 1,621 1,045 | 1,900 2,866 | 3,167 1,359 724 301 481 704 16,259
1997 734 698 421 566 895 1,562 | 1,435 645 562 235 499 519 8,525
1998 491 378 231 800 667 764 325 355 300 283 303 383 5,248
1999 459 689 595 325 951 2,155 | 1,452 1,122 245 439 799 914 10,540
2000 853 1,254 1,188 1,216 | 1,056 2,382 | 1,962 1,079 650 743 815 916 14,166
2001 906 806 705 963 | 2,826 3,413 | 2,109 971 660 666 730 942 15,682
2002 890 843 778 879 | 1,777 4,019 | 2,418 1,317 502 512 725 840 15,152
2003 544 830 924 1,042 | 1,358 1,949 | 1,033 640 423 404 568 611 10,424
2004 643 593 1,371 1,103 | 1,321 1,897 | 1,251 722 861 748 721 820 12,139
2005 731 816 753 800 870 2,029 | 1,708 607 555 693 662 757 10,999
2006 748 920 1,197 1,243 | 1,302 3,076 | 3,305 1,086 716 746 653 664 15,594
2007 686 995 850 1,037 | 1,310 2,284 | 2,553 754 780 597 567 509 12,930
2008 694 576 560 800 632 1,822 | 1,682 1,284 643 722 849 839 11,161
2009 752 713 810 856 547 986 | 1,764 609 507 511 411 416 8,510
2010 380 339 360 345 | 1,345 2,195 | 1,736 1,152 576 907 1,007 973 11,565
2011 561 737 1,020 1,539 | 3,539 3,863 | 3,390 1,194 836 | 1,169 1,364 906 19,558
2012 549 724 1,004 826 779 1,715 | 1,020 523 667 467 558 644 8,928
Max 1,016 1,357 1,621 1,539 | 3,539 4,142 | 3,390 1,550 861 1,169 1,364 973 19,558
Min 152 12 99 137 353 426 300 279 245 133 174 157 4,051
Mean 630 709 792 785 | 1,229 1,899 | 1,479 784 555 467 558 644 10,491




Table C.9 Monthly mean observed runoff of N.60 station
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUuL AUG SEP ocT NOV DEC JAN FEB MAR
1979 957 907 648 666 953 757 683 593 399 267 283 404 6,993
1980 433 481 371 349 346 | 1,106 674 418 442 538 659 821 7,076
1981 871 836 924 779 1,637 898 640 599 438 514 686 907 9,849
1982 991 749 a27 599 892 604 431 436 374 540 662 787 7,613
1983 1,113 794 414 615 539 483 229 208 132 225 560 896 5,957
1984 864 635 421 466 885 | 1,208 a54 584 238 505 77 1,146 8,391
1985 1,072 723 415 402 355 624 189 252 201 252 668 987 5,922
1986 854 854 833 733 569 558 488 787 260 319 780 747 7,646
1987 719 657 335 498 571 403 183 213 61 167 568 453 4,358
1988 249 376 176 361 317 286 278 171 89 181 339 356 3,518
1989 590 696 207 231 468 681 273 362 119 230 441 813 5,244
1990 723 673 634 488 503 858 425 376 200 186 557 763 6,334
1991 672 405 205 344 493 253 239 287 176 206 345 492 3,933
1992 488 343 149 126 206 298 164 194 255 136 322 466 3,098
1993 440 424 351 445 841 574 172 492 207 158 242 281 4,342
1994 155 214 368 168 630 873 301 539 450 423 710 1,000 6,587
1995 911 752 649 392 1,547 | 2,892 | 1,110 685 509 536 874 1,205 12,355
1996 1,204 1,087 1,143 818 | 1,300 | 1,444 614 556 330 424 726 953 10,185
1997 789 717 443 521 505 547 421 501 361 385 660 670 6,363
1998 632 359 231 216 396 283 182 331 226 328 410 499 3,803
1999 342 314 100 152 385 808 208 129 97 626 1,045 1,158 5,926
2000 903 727 58 396 537 510 460 397 S5 826 951 915 7,944
2001 1,115 595 245 488 1,391 1,954 480 285 558 778 958 1,166 10,098
2002 1,200 1,011 501 768 800 647 319 371 232 782 951 1,035 8,181
2003 765 1,098 684 818 812 744 335 757 655 648 806 921 9,054
2004 77 514 380 559 311 866 384 696 865 895 866 987 8,096
2005 772 851 543 526 327 638 349 325 674 826 835 967 7,811
2006 952 771 484 378 608 | 1,062 | 1,113 392 864 995 873 892 9,276
2007 844 521 671 665 708 597 497 538 781 919 837 867 8,543
2008 943 595 526 572 434 449 369 469 848 | 1,023 939 1,138 8,463
2009 1,103 924 580 410 495 565 436 404 718 699 676 606 6,944
2010 431 317 406 | 402 | 719 | 540 | 400 | 294 652 | 1,199 | 1,194 | 1,076 7,974
2011 547 344 340 766 | 3,152 | 3,237 | 1,715 713 1,194 | 1,567 1,727 1,208 15,964
2012 975 1,123 1,055 726 544 565 202 709 1,019 555 725 836 8,059
Max 1,204 1,123 1,143 818 | 3,152 | 3,237 | 1,715 787 1,194 | 1,567 1,727 1,208 15,964
Min 155 214 100 126 206 253 164 129 61 136 242 281 3,098
Mean 776 658 482 495 740 847 453 443 4aa7 555 725 836 7,409




Table C.10 Monthly mean observed runoff of N.67 station
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUL AUG SEP oCT NOV DEC JAN FEB MAR

1979 832 1,003 1,357 | 1,098 | 1,508 1,461 1,342 824 504 254 133 229 10,008
1980 293 658 1,016 | 1,431 | 2,774 4,485 3,245 | 1,411 636 426 442 658 17,983
1981 800 1,070 1,590 | 1,971 | 3,844 1,998 2,811 | 2,180 | 1,572 528 617 521 19,535
1982 833 817 609 637 | 1,238 2,451 3,250 914 | 1,313 648 607 631 14,004
1983 889 968 510 | 1,156 | 1,290 1,911 2,383 | 2,805 | 1,434 328 483 540 14,484
1984 677 816 1,752 | 1,108 | 1,187 2,159 2,313 | 1,841 1,152 485 668 886 15,288
1985 922 753 1,065 | 1,302 | 1,233 1,854 2,549 | 3,603 | 1,127 333 412 484 15,427
1986 713 1,344 1,728 | 1,439 | 1,403 2,944 4,378 | 1,161 670 242 637 619 17,121
1987 558 612 1,310 371 910 3,552 4,795 | 1,705 692 259 490 344 15,258
1988 216 917 1,385 324 | 1,044 943 1,839 453 637 398 146 140 8,565
1989 339 770 1,375 929 715 999 1,238 | 1,286 414 378 346 401 9,167
1990 317 931 1,998 820 | 1,021 1,783 1,597 | 1,181 634 182 322 610 11,591
1991 512 444 189 436 | 1,418 1,782 1,630 808 544 224 205 257 8,190
1992 253 19 90 166 | 1,146 757 1,569 | 1,022 654 215 177 323 6,527
1993 390 510 537 577 868 1,636 1,124 625 376 131 213 249 7,043
1994 197 598 2,367 | 1,662 | 2,586 4,991 2,627 | 1,013 869 512 540 716 19,224
1995 743 802 698 743 | 3,326 4,928 4,650 | 2,249 | 1,118 738 689 898 21,795
1996 956 1,468 1,811 | 1,245 | 2,192 3,712 5313 | 2,588 | 1,039 254 520 801 21,696
1997 754 669 391 889 | 1,058 IETIT: 2,042 997 789 239 442 534 10,394
1998 527 410 248 | 1,004 861 1,201 1,283 686 436 220 287 343 7,396
1999 418 1,012 1,199 664 | 1,386 202 2,804 | 2,642 | 1,212 531 792 927 16,646
2000 755 1,391 1,624 | 1,685 | 1,402 3,008 2,980 | 2,065 798 650 720 961 18,032
2001 a7 1,022 1,120 | 1,130 | 2,685 3,267 3,117 | 2,030 942 587 630 830 18,173
2002 813 798 997 914 | 1,634 3,213 2,953 | 1,958 992 562 655 763 16,003
2003 566 748 916 | 1,128 | 1,474 2,205 1,961 872 437 340 519 519 11,676
2004 557 671 1,803 | 1,695 | 2,207 2,394 2,319 900 691 380 380 430 14,178
2005 306 324 396 503 | 1,106 2,329 2,528 | 1,393 524 520 500 559 11,375
2006 693 1,027 1,642 | 1,810 | 1,691 3,359 3,906 | 2,010 833 779 710 728 19,197
2007 702 1,605 1,137 | 1,439 | 1,472 2,673 3,337 | 1,533 611 564 566 510 16,108
2008 659 801 868 | 1,030 | 1,494 2,283 2,739 | 2,505 801 668 732 807 15,386
2009 658 689 921 1,152 825 1,305 2,567 | 1,162 499 479 386 386 10,662
2010 291 261 270 280 1,717 2,805 2,616 1,799 672 708 77 854 13,290
2011 608 1,124 1,651 | 2,037 | 3,516 3,898 4,084 | 2,603 | 1,020 | 1,265 | 1,444 | 1,094 23,735
2012 643 687 1,187 | 1,016 | 1,027 2,266 1,703 625 566 455 519 592 10,645
Max 956 1,605 2,367 | 2,037 | 3,844 4,991 5313 | 3,603 | 1,572 | 1,265 | 1,444 | 1,094 23,735
Min 197 19 90 166 715 757 1,124 453 376 131 133 140 6,527
Mean 592 816 1,111 1,053 | 1,625 2,503 2,694 | 1,572 800 455 519 592 14,288




Table C.11 Monthly mean observed runoff of N.1 station

281

Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUL AUG SEP ocT NOV DEC JAN FEB MAR

1990 25 62 159 537 524 423 199 127 66 40 22 21 2,203
1991 23 101 138 283 578 533 220 97 63 37 23 19 2,106
1992 15 16 33 307 402 404 224 117 114 64 36 46 1,801
1993 39 62 109 657 423 305 194 88 46 37 25 33 2,018
1994 39 96 279 765 1,998 886 398 162 120 53 64 59 4,913
1995 34 43 129 819 2,135 1,215 443 256 115 66 a1 28 5,335
1996 45 59 160 611 1,019 550 411 153 82 56 31 27 3,197
1997 36 57 30 299 695 710 337 121 60 43 24 17 2,429
1998 35 37 75 320 385 601 141 73 46 29 18 16 1,768
1999 26 109 320 327 1,093 1,238 397 152 73 48 33 26 3,845
2000 29 167 253 823 546 766 284 128 74 48 21 37 3,173
2001 28 95 144 680 1,421 905 355 161 84 59 34 23 3,988
2002 24 312 464 673 1,030 927 282 172 126 79 38 53 4,193
2003 37 33 103 462 695 796 193 81 a4 34 20 13 2,503
2004 29 75 250 686 922 1,375 273 110 68 a7 24 19 3,866
2005 17 29 148 367 | 1,022 871 398 145 76 66 38 23 3,231
2006 a8 95 85 465 | 1,780 748 a37 148 84 53 29 22 3,970
2007 22 97 171 228 637 687 574 135 48 21 37 8 2,674
Max 43 312 464 823 | 2,135 1,375 574 | 256 126 79 64 59 5,335
Min 15 16 30 228 385 305 141 73 a4 21 18 8 1,768
Mean 31 86 170 517 961 115, 320 135 T 49 31 27 3,178
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Table C.12 Monthly mean observed runoff of N.13A station

Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUuL AUG SEP oCT NOV DEC JAN FEB MAR
1990 46 144 306 894 760 739 320 216 125 86 54 a1 3,730
1991 a4 179 266 401 935 869 390 182 105 7 50 34 3,517
1992 28 33 58 578 698 734 355 157 139 84 53 60 2,994
1993 46 96 242 1,003 805 605 317 167 98 65 40 59 3,548
1994 50 155 376 1,228 3,999 | 2,187 812 323 234 98 64 56 9,590
1995 58 96 227 1,389 4,466 | 2,861 960 630 312 173 88 69 11,376
1996 105 125 381 1,490 2,360 | 1,343 846 365 171 117 74 66 7,424
1997 85 116 86 714 1,779 | 1,914 961 292 158 109 76 60 6,350
1998 85 93 137 796 967 | 1,525 340 144 107 86 58 51 4,365
1999 63 189 651 625 2,491 | 3,151 974 377 177 102 75 66 8,928
2000 50 377 661 1,890 1,558 | 2,158 873 375 180 116 70 111 8,434
2001 65 208 357 1,813 4,072 | 2,761 962 441 233 160 92 69 11,229
2002 61 785 1,187 1,572 2,834 | 2,868 886 481 320 205 114 126 11,458
2003 80 93 304 1,331 1,894 | 2,329 480 211 127 93 63 a6 7,046
2004 74 173 37 1,673 2,238 | 2,710 554 225 134 94 63 54 8,714
2005 59 88 433 910 2,390 | 2,345 | 1,018 374 191 130 90 62 8,154
2006 123 373 221 1,020 3,351 1,681 899 297 166 117 76 58 8,324
2007 66 245 426 495 1,491 | 1,359 | 1,168 335 178 115 116 50 6,044
Max 123 785 1,187 1,890 4,466 | 3,151 1,168 630 320 205 116 126 11,458
Min 28 33 58 401 698 605 317 144 98 65 40 34 2,994
Mean 66 198 392 1,101 231727 |\ 1,890+ 729 311 175 113 73 63 7,290




Table C.13 Monthly mean observed runoff of W.4A station
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUuL AUG SEP ocT NOV DEC JAN FEB MAR

1979 3.0 16.0 67.6 11.5 22.5 415 36.7 77 37 23 23 4.8 218
1980 15 6.0 235 20.4 28.9 174.9 85.5 24.8 9.7 3.8 2.7 21 384
1981 1.8 26.4 14.3 95.2 149.2 7.3 57.1 429 19.5 7.4 5.4 39 504
1982 5.6 8.9 85 3.8 4.9 42.6 64.1 12.9 4.1 34 29 1.9 159
1983 0.9 0.7 59 0.8 14.2 102.2 82.6 55.1 13.8 4.6 3.1 1.9 287
1984 1.8 55 85 4.1 15.0 529 82.5 20.7 7.4 34 24 1.5 206
1985 2.2 4.8 16.0 9.9 8.2 38.0 85.7 | 103.7 31.6 | 10.2 6.6 49 323
1986 39 12.5 6.1 6.8 3743 101.4 37.8 13.5 4.8 27 24 1.9 229
1987 1.6 2.4 9.5 4.6 51.8 143.8 80.6 55.7 15.7 5.2 29 1.5 376
1988 1.8 15.6 92.3 82.7 56.9 68.2 | 137.6 3ifaD 14.3 5.4 3.8 2.7 519
1989 2.0 53 53.9 12.4 46.4 548 | 137.7 29.5 9.6 3.1 1.8 22 358
1990 15 77 6.5 3.0 7.0 86.5 573 39.2 73 27 0.9 0.0 220
1991 2.1 1.0 1.4 0.5 12.1 722 51.2 18.6 59 4.0 34 32 175
1992 1.6 0.5 0.0 0.0 8.7 51.0 92.6 20.8 16.8 | 10.7 3.6 3.0 210
1993 25 1.8 1.8 3.1 33 46.9 63.1 12.7 4.8 24 8.7 43 157
1994 4.2 46.4 89.9 733 158.9 201.4 775 20.7 14.4 9.1 6.0 4.5 704
1995 21 a7 1.1 5.0 99.7 189.7 64.2 37.4 13.4 6.3 43 33 437
1996 7.5 8.1 18.2 15.7 56.8 189.3 | 1354 54.4 14.6 7.0 5.4 4.1 512
1997 29 2.0 1.6 1.8 7.6 27.0 86.1 10.8 6.8 3.1 2.0 0.9 156
1998 6.0 9.4 24 20.3 29.5 183.1 37.6 21.0 8.9 2.8 1.1 1.2 320
1999 3.2 a3.5 13.0 3.7 6.5 300.8 | 3369 | 333.2 30.3 35 3.0 29 1,097
2000 20.1 149.6 237.8 75.8 144.8 307.3 | 271.8 | 137.0 273 | 136 | 103 232 1,414
2001 15.5 150.5 26.8 49.5 380.2 2718 | 295.1 | 303.3 530 | 34.1 | 213 154 1,607
2002 6.2 37.1 70.3 316 104.4 874.8 | 2903 | 3164 | 151.6 | 64.6 | 32.1 279 2,022
2003 213 31.9 34.2 46.6 78.3 341.1 97.2 28.8 6.8 8.4 5.6 a3 686
2004 25 17.8 63.5 61.1 168.6 2824 | 1294 38.2 233 | 11.3 | 141 20.1 843
2005 135 11.1 19.7 36.4 96.6 636.8 | 4249 | 158.0 493 | 257 | 183 32.0 1,531
2006 219 234.5 206.5 135.4 3313 | 1,172.2 | 646.1 72.6 273 | 134 73 5.0 2,868
2007 16.6 178.4 59.4 75.8 79.5 226.5 | 2035 60.5 16.9 8.6 79 4.4 923
2008 1.8 9.1 7.6 2.8 12.4 1339 | 2343 | 240.3 9.1 8.0 4.8 57 685
2009 17.4 37.7 82.8 68.5 54.8 176.6 | 361.1 46.3 8.5 9.8 1.5 1.8 851
2010 2.1 0.4 3.0 8.5 361.2 426.4 | 3629 89.3 27.2 6.9 3.6 10.6 1,308
2011 42.4 482.3 178.9 2578 | 1,091.9 | 1,005.0 | 8489 | 158.3 56.0 | 24.6 | 38.8 26.5 4,169
2012 17.6 115.6 164.1 60.6 72.1 5720 | 2313 82.2 338 | 10.1 73 7.1 1,356
Max 42.4 482.3 237.8 2578 | 1,0919 | 1,172.2 | 8489 | 3332 | 1516 | 64.6 | 38.8 32.0 4,169
Min 0.9 0.4 0.0 0.0 33 27.0 36.7 77 3.7 23 0.9 0.0 156
Mean 7.6 49.6 47.0 37.9 111.8 255.1 184.9 79.5 220 | 10.1 73 7.1 818




Table C.14 Monthly mean observed runoff of P.17 station
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUuL AUG SEP oCT NOV DEC JAN FEB MAR

1979 884 874 981 825 722 891 881 835 665 349 281 336 7,921
1980 283 771 915 587 662 1,194 1,512 488 333 298 486 745 8,638
1981 648 873 817 509 843 632 664 | 1,505 483 405 615 875 8,965
1982 744 704 634 823 866 687 703 781 360 400 705 | 1,029 8,428
1983 734 668 496 408 432 991 2,147 | 1,810 479 190 604 851 9,876
1984 800 641 422 401 503 555 764 363 219 271 495 746 5,951
1985 570 491 366 387 387 712 1,211 741 317 230 588 798 6,967
1986 740 | 1,239 796 673 673 826 859 750 479 261 547 881 8,832
1987 850 538 501 581 764 1,023 667 598 267 243 305 | 1,007 7,143
1988 648 563 617 516 404 1,076 1,881 416 209 417 644 | 1,110 8,997
1989 1,142 695 449 303 746 623 1,165 616 217 491 484 761 7,447
1990 838 664 654 328 347 670 983 645 308 491 602 761 6,969
1991 517 273 168 168 341 465 717 403 409 372 475 657 4,979
1992 533 424 129 76 444 225 1,291 465 362 227 376 562 5,205
1993 622 529 538 294 390 347 490 506 185 112 154 215 3,884
1994 126 455 819 a73 660 1,670 835 394 453 233 361 691 7,718
1995 673 637 630 546 669 T 733 1,144 563 465 a47 762 | 1,061 9,609
1996 951 888 902 622 767 2,236 2,010 | 1,080 552 493 763 871 | 11,847
1997 664 736 617 516 643 1,106 1,351 781 479 491 602 761 8,131
1998 48 466 218 207 350 367 343 297 192 195 272 227 3,293
1999 159 549 374 128 206 518 1,679 | 1,684 136 169 435 540 6,959
2000 542 653 610 276 769 970 1,405 663 364 524 707 776 8,437
2001 720 | 1,227 816 422 901 633 1,153 | 1,507 461 494 635 909 9,877
2002 718 704 385 405 371 2,406 1,266 | 2,082 1,131 710 808 | 1,002 12,130
2003 860 | 1,160 | 1,062 732 643 1,166 807 708 730 649 663 678 9,599
2004 600 589 445 575 659 804 407 457 310 448 405 429 6,032
2005 505 453 743 485 474 1,296 1,212 769 538 680 574 523 8,262
2006 515 1,084 | 1,106 749 786 2,458 3,530 531 1,300 | 1,378 | 1,023 982 15,568
2007 641 1,276 957 | 1,237 786 1,368 1,885 401 739 887 834 848 12,223
2008 1,005 1,144 703 683 529 933 1,425 | 1,598 587 783 709 740 10,590
2009 757 704 548 543 517 1,016 1,688 377 748 826 823 814 9,035
2010 431 367 276 275 905 1,210 1,979 345 449 511 493 414 7,856
2011 333 | 1,009 748 842 2,081 3,323 4,331 981 782 | 1,565 | 1,723 | 1,453 18,838
2012 779 1,048 501 312 326 1,391 739 517 626 492 605 759 7,316
Max 1,142 | 1,276 | 1,106 | 1,237 2,081 3,323 4,331 | 2,082 1,300 | 1,565 | 1,723 | 1,453 18,838

Min 48 273 129 76 206 225 343 297 136 112 154 215 3,293

Mean 635 738 616 497 634 1,104 1,327 784 482 492 605 759 8,633




Table C.15 Monthly mean observed runoff of Y.17 station
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUuL AUG SEP OoCT NOV DEC JAN FEB MAR

1979 0.4 42.5 | 200.6 | 150.8 220.3 264.9 214.2 33.7 12.9 12.8 0.0 0.0 1,157
1980 3.7 16.3 | 274.5 | 4374 847.6 1,298.4 | 1,326.0 569.3 102.2 26.6 9.4 8.5 4,959
1981 a2.7 74.0 76.7 | 395.8 852.9 505.6 | 1,647.7 | 1,073.0 464.8 31.2 8.4 0.7 5,155
1982 239 46.3 | 208.3 322 3159 346.1 | 1,647.8 77.8 558.7 | 153.1 0.1 0.3 3,393
1983 6.2 7.0 | 103.6 | 4599 251.7 639.8 983.0 | 1,095.4 912.1 19.1 37.5 2.8 4,557
1984 454 58.6 | 8228 | 416.3 314.1 452.0 611.9 764.8 617.6 257 13.1 0.6 4,121
1985 23.7 17.7 | 4515 | 450.2 315.0 629.5 906.8 | 1,255.3 62.0 0.5 44.4 0.3 4,155
1986 223 749 | 4403 | 2214 4135 | 2,031.4 | 3,967.3 89.6 110.0 313 14.1 2.7 7,398
1987 1.7 19.2 | 833.7 21.6 1735 | 2,447.3 | 3,596.1 1,014.3 86.1 1.8 23.7 24.5 8,272
1988 30.5 51.2 | 908.0 34.3 204.6 486.0 963.6 92.5 2919 | 176.7 6.1 10.3 3,236
1989 10.8 759 | 4463 | 4223 233.7 274.4 628.3 693.1 65.0 | 1234 16.8 25.7 3,029
1990 23.7 90.2 | 423.0 | 1434 298.3 438.0 608.7 383.8 95.8 17.8 4.5 2.4 2,521
1991 15.4 57.1 96.7 30.0 171.6 616.2 784.6 349.6 72.6 32.9 9.2 235 2,250
1992 5.9 8.3 8.2 0.2 411.0 315.7 707.0 570.3 93.6 727 33 0.0 2,190
1993 0.0 16.3 58.8 59.2 53.0 345.2 a21.7 99.3 33.0 1.6 0.0 0.2 1,103
1994 14.7 92.2 | 698.6 | 667.1 686.7 | 2,017.0 | 1,019.1 315.9 97.9 17.7 2.6 10.3 5,634
1995 9.0 49.0 35.6 30.0 685.7 | 2,608.6 | 1,652.9 671.2 226.4 26.1 11.2 16.7 6,048
1996 34.4 110.3 | 116.4 93.6 245.0 796.1 | 1,638.2 863.5 245.5 25.8 6.0 243 4,203
1997 383 18.9 14.2 33.9 243.8 598.7 735.9 376.3 43.0 0.0 0.0 0.0 2,066
1998 1.6 104 8.1 | 207.2 198.8 448.4 465.0 89.1 30.8 0.0 0.0 0.0 1,470
1999 12.4 83.7 | 207.0 | 157.4 2715 642.5 861.3 842.6 597.0 61.3 24.0 35.7 3,808
2000 24.1 2153 | 4238 | 3959 443.1 728.0 828.0 679.3 169.0 40.7 39.2 | 1351 4,120
2001 221 253.1 | 4523 | 365.6 761.1 | 1,3883 | 1,154.1 829.1 315.0 34.2 13.1 27.8 5,605
2002 11.2 738 | 2432 | 2158 4722 | 2,446.1 | 2,026.3 913.6 530.0 | 125.7 30.1 789 7,184
2003 282 6.8 749 | 189.6 322.2 611.3 848.4 169.3 8.7 0.0 19.5 7.8 2,258
2004 0.0 46.0 | 324.1 | 350.7 546.3 567.0 784.9 64.4 113 0.0 0.1 0.0 2,695
2005 0.0 0.0 | 101.8 | 128.7 401.1 846.3 | 1,356.4 764.6 76.0 1.2 0.0 23 3,684
2006 58 168.2 | 8179 | 644.3 565.7 1,986.0 | 3,578.8 737.5 47.4 6.2 0.0 0.0 8,552
2007 0.0 451.7 | 276.8 | 3334 330.0 636.2 871.3 439.0 38.0 228 62.4 63.0 3,565
2008 40.4 169.8 | 258.2 | 2575 457.1 601.2 783.4 657.2 2236 | 1335 84.6 | 139.2 3,799
2009 335 935 | 312.0 | 464.7 332.2 461.0 738.5 386.2 17.7 18.5 5.6 3.8 2,865
2010 31.3 8.9 0.0 0.0 463.1 816.2 851.2 696.3 140.6 113 9.6 | 1983 3,220
2011 114.5 476.0 | 550.4 | 635.6 | 1,999.7 | 3,155.0 | 3,158.7 805.0 98.7 0.0 0.0 0.0 10,879
2012 141.2 2444 | 4518 | 3421 421.2 641.4 660.8 272.8 224.4 38.0 15.1 25.6 3,338
Max 141.2 476.0 | 908.0 | 667.1 1,999.7 | 3,155.0 | 3,967.3 | 1,255.3 912.1 176.7 84.6 | 1983 10,879

Min 0.0 0.0 0.0 0.0 53.0 264.9 214.2 33.7 8.7 0.0 0.0 0.0 1,103

Mean 24.1 949 | 3153 | 2585 438.9 973.1 | 1,265.5 551.0 197.6 38.0 15.1 25.6 4,191




Table C.16 Monthly mean observed runoff of C.2 station
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Year Monthly mean runoff (MCM/month) Annual
(MCM)
APR MAY JUN JUL AUG SEP ocT NOV DEC JAN FEB MAR

1979 1,606 1,655 | 2,130 | 1,737 1,972 2,163 2,203 1,673 1,298 618 aa7 552 16,973
1980 524 984 | 1,738 | 2,101 3,128 4,924 9,006 3,152 1,255 764 941 1,225 30,611
1981 1,393 1,670 | 2,103 | 2,108 4,126 3,699 2,529 2,993 1,753 921 1,062 | 1,516 25,938
1982 1,459 1,251 1,056 | 1,243 1,569 2,637 3,672 2,322 1,192 878 | 1,142 | 1,418 19,906
1983 1,526 1,402 | 1,041 1,017 1,623 2,760 4,631 4,747 1,872 765 | 1,076 | 1,536 23,847
1984 1,376 1,169 | 1,465 | 1,082 1,375 2,420 2,950 2,335 1,249 768 | 1,036 | 1,520 18,795
1985 1,426 1,215 | 1,051 1,336 1,737 2,613 4,054 4,306 2,423 721 1,042 | 1,463 23,334
1986 1,372 2,307 | 2,244 | 1,721 1,777 2,332 1,984 1,828 1,280 540 | 1,121 1,460 19,946
1987 1,353 1,147 999 850 1,386 2,609 3,570 1,999 1,264 501 684 | 1,285 17,341
1988 1,047 1,370 | 1,450 | 1,448 1,493 2,132 3214 2,496 1,239 730 841 1,190 18,956
1989 1,355 1,315 | 1,891 969 1,300 1,708 2,267 1,921 1,164 583 671 1,303 16,314
1990 1,221 1,358 | 2,367 | 1,274 1,240 2,053 2,251 1,602 1,247 632 663 978 16,630
1991 966 662 566 448 1,528 3,026 2,462 1,527 1,029 527 600 735 13,838
1992 728 674 374 291 1,620 1,103 2,603 1,508 1,130 543 591 855 | 12,140
1993 848 866 | 1,039 682 975 1,893 1,424 890 682 284 334 432 9,767
1994 266 889 | 2,615 | 2,142 2,438 5,383 4873 1,492 1,324 595 809 | 1,179 | 24,946
1995 1,209 1,306 | 1,335 | 1,341 3,461 7,635 9,761 4,335 1,773 931 | 1,272 | 1,846 | 36,738
1996 1,740 2,148 | 2,306 | 1,586 2,369 4,118 7,208 5,268 2,140 793 | 1,087 | 1,392 | 31,833
1997 1,418 1,332 975 | 1,005 1,290 2,039 2,632 1,349 1,052 546 770 | 1,073 | 15225
1998 1,162 873 482 | 1,203 1,124 1,556 2,046 1,102 668 370 507 530 11,039
1999 580 1,458 | 1,622 879 1,435 3,009 4,825 4,946 1,646 725 | 1,112 | 1,290 24,016
2000 1,068 1,777 | 2,040 | 1,934 1,874 3,709 4,630 3,228 1,150 979 | 1,130 | 1,439 | 25,068
2001 1,177 1,860 | 1,820 | 1,487 3,299 3,938 4,850 3,467 1,437 895 | 1,008 | 1,402 | 26,777
2002 1,315 1,311 | 1,265 | 1,271 1,953 6,092 7,936 5,143 2390 | 1,280 | 1,426 | 1,681 | 32,887
2003 1,138 1,460 | 1,637 | 1,685 1,962 2,874 2,981 1,400 899 727 903 908 | 18,292
2004 855 977 | 1,835 1,922 2,573 2,656 2,847 1,089 850 824 782 865 18,181
2005 961 953 | 1,150 | 1,145 1,466 3,146 3,902 2,147 1,021 1,051 968 | 1,003 18,826
2006 873 1,538 | 2,608 | 2,649 2,457 5,220 12,377 4,943 1,442 | 1,316 | 1,237 | 1,290 38,305
2007 1,230 2,454 | 1,823 | 2,212 1,997 3,246 4,690 2,305 1,163 | 1,178 | 1,153 | 1,116 24,733
2008 1,395 1,712 | 1,562 | 1,645 2,100 3,217 4,624 4,766 1,407 1,262 | 1,268 | 1,394 26,213
2009 1,258 1,257 | 1,398 | 1,765 1,390 2,193 4,213 1,868 1,080 | 1,104 975 968 18,915
2010 705 601 542 553 2,598 4,266 5,457 4,254 1,386 1,351 1,366 | 1,621 25,146
2011 1,003 2,262 | 2,892 | 3,226 5,442 9,459 11,584 5,950 2,351 | 2,941 | 3,190 | 2,661 51,958
2012 1,566 1,696 | 1,843 | 1,439 1,471 3,742 2,841 1,203 1,172 868 | 1,007 | 1,246 18,528
Max 1,740 2,454 | 2,892 | 3,226 5,442 9,459 12,377 5,950 2,423 | 2,941 | 3,190 | 2,661 51,958

Min 266 601 374 291 975 1,103 1,424 890 668 284 334 432 9,767

Mean 1,150 1,380 | 1,567 | 1,453 2,045 3,399 4,503 2,810 1,366 868 | 1,007 | 1,246 22,705




Table C.17 Summary of the goodness of fit test in model calibration

Year Statistic infernces N.1 N.13A Inflow N.12A N.60 N.5A N.24
1990 %Diff of Volumn -1.80 35.93 36.89 -1.61 17.77 -12.99 22.78
R 0.82 0.74 0.83 0.91 0.68 0.94 0.62
R2 0.68 0.54 0.69 0.82 0.47 0.88 0.38
RMSE 54.98 112.56 102.33 41.40 95.23 56.48 37.89
SE 37.20 89.05 88.46 37.42 82.48 45.07 37.01
1991 %Diff of Volumn 15.36 42.15 49.49 9.66 16.24 12.44 -27.94
R 0.86 0.84 0.87 0.97 0.62 0.89 0.76
R’ 0.75 0.70 0.75 0.93 0.38 0.80 0.58
RMSE 41.23 87.40 92.25 24.62 62.24 64.81 47.88
SE 37.12 71.39 74.19 16.76 47.58 59.91 18.56
1992 %Diff of Volumn 63.09 76.35 82.80 -1.01 34.81 32.75 -6.62
R 0.84 0.75 0.84 0.85 0.59 0.85 0.73
R 0.70 0.56 0.71 0.73 0.34 0.72 0.53
RMSE 68.93 134.43 129.42 50.59 71.10 79.50 16.11
SE 57.32 113.13 96.44 30.59. 51.28 68.18 13.79
1993 %Diff of Volumn 86.23 80.06 74.34 5.41 8.75 21.15 30.45
R 0.75 0.75 0.79 0.95 0.87 0.86 0.68
R2 0.56 0.56 0.62 0.90 0.76 0.74 0.47
RMSE 106.04 164.59 134.02 35.42 52.76 71.87 19.74
SE 90.75 137.96 110.12 28.13 38.66 64.52 16.26
1994 %Diff of Volumn 17.29 0.69 L2 -3.42 6.28 4.82 -29.52
R 0.93 0.93 0.92 0.95 0.81 0.97 0.82
R2 0.87 0.86 0.85 0.90 0.66 0.94 0.67
RMSE 94.68 211.59 158.53 38.08 76.84 54.73 35.33
SE 88.53 146.42 139.48 32.87 61.90 53.51 18.54
1995 %Diff of Volumn 7.39 -10.91 5227 -7.70 -10.82 -8.52 -23.04
R 0.91 0.89 0.91 0.77 0.89 0.98 0.85
R 0.83 0.80 0.82 0.59 0.79 0.97 0.72
RMSE 121.38 | 312.13 | 216.61 203.25 157.87 86.56 29.90
SE 100.99 180.59 156.50 93.02 90.55 66.90 16.33
1996 %Diff of Volumn 16.53 -8.77 16.35 4.93 -5.64 -6.86 -37.02
R 0.84 0.83 0.85 0.95 0.87 0.98 0.78
R 0.70 0.69 0.72 0.90 0.76 0.96 0.61
RMSE 88.21 199.88 131.28 42.97 94.58 57.69 51.79
SE 84.62 125.77 124.19 38.56 87.40 52.05 18.70
1997 %Diff of Volumn 33.28 2.70 21.37 3.86 0.60 0.03 -11.39
R 0.94 0.91 0.93 0.95 0.80 0.94 0.81
R2 0.89 0.83 0.87 0.90 0.64 0.88 0.66
RMSE 64.54 142.91 89.97 32.39 58.54 41.99 22.10
SE 53.30 108.48 84.49 30.15 50.41 41.67 11.85
1998 %Diff of Volumn 48.61 53.60 72.40 13.31 25.82 19.43 -14.13
R 0.90 0.87 0.93 0.91 0.69 0.83 0.69
R2 0.81 0.75 0.87 0.83 0.48 0.69 0.48
RMSE 59.31 142.92 119.79 34.77 63.44 56.16 21.29
SE 50.63 121.61 77.76 27.51 46.51 44.48 14.53
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Table C.17 Summary of the goodness of fit test in model calibration (continued)

Year Statistic infernces N.1 N.13A Inflow N.12A N.60 N.5A N.24
1999 %Diff of Volumn 2.49 0.59 33.63 6.86 26.55 0.92 -25.64
R 0.94 0.92 0.93 0.96 0.84 0.95 0.70
R2 0.88 0.86 0.87 0.92 0.71 0.91 0.49
RMSE 64.90 178.39 126.93 39.02 98.60 49.76 27.05
SE 52.48 119.57 106.12 36.42 57.45 46.30 15.90
2000 %Diff of Volumn 19.96 5.44 2573 5.66 1.24 -2.41 -36.54
R 0.80 0.80 0.80 0.97 0.76 0.92 0.72
R’ 0.64 0.65 0.65 0.94 0.58 0.84 0.51
RMSE 92.91 207.93 157.72 29.92 72.46 53.43 54.95
SE 85.09 174.65 148.83 25.58 54.34 52.23 20.69
2001 %Diff of Volumn -2.13 -15.96 -0.02 -4.83 -9.82 -7.89 -34.57
R 0.95 0.93 0.92 0.96 0.92 0.98 0.69
R’ 0.91 0.86 0.85 0.92 0.85 0.96 0.48
RMSE 58.16 232.90 136.30 58.45 95.61 54.10 30.81
SE 53.15 140.55 121.68 47.60 69.87 44.75 13.54
2002 %Diff of Volumn -8.00 -21.45 10.41 -3.65 -8.13 -2.61 -40.36
R 0.86 0.88 0.86 0.95 0.82 0.98 0.87
R2 0.75 0.77 0.74 0.91 0.68 0.96 0.77
RMSE 89.93 262.10 125.95 39.28 93.99 48.45 70.03
SE 63.98 132.16 116.85 32.80 46.34 47.36 18.26
2003 %Diff of Volumn -1.36 -11.42 0.50 10.69 -8.53 -4.73 -18.03
R 0.95 0.94 0.95 0.90 0.73 0.94 0.76
R2 0.90 0.88 0.89 0.82 0.54 0.89 0.58
RMSE 39.92 149.50 76.89 43.18 79.78 43.75 20.10
SE 35.74 86.22 74.76 34.64 44.02 42.20 13.25
2004 %Diff of Volumn 8.51 -3.20 -7.09 8.94 6.20 -6.41 -24.78
R 0.94 0.93 0.94 0.95 0.86 0.96 0.78
R 0.89 0.86 0.88 0.91 0.74 0.93 0.61
RMSE 63.75 154.25 106.91 38.17 63.11 44.15 27.47
SE 58.34 113.91 95.59 32.63 46.59 40.90 15.85
2005 %Diff of Volumn 25.57 7.90 7.51 16.21 10.10 -6.48 -10.12
R 0.92 0.92 0.92 0.94 0.77 0.96 0.77
R 0.85 0.84 0.85 0.88 0.60 0.93 0.60
RMSE 69.48 147.48 114.79 46.65 73.90 38.87 21.63
SE 64.60 128.98 113.87 34.81 39.96 35.35 13.07
2006 %Diff of Volumn -25.27 -9.40 -7.31 25.11 2.27 12.62 -24.58
R 0.91 0.85 0.85 0.91 0.81 0.98 0.86
R2 0.83 0.72 0.72 0.82 0.66 0.96 0.74
RMSE 117.18 231.13 175.72 65.00 96.83 65.83 23.90
SE 64.25 164.26 164.33 43.40 58.85 51.96 14.85
2007 %Diff of Volumn 0.05 5.78 6.49 20.13 -8.79 -0.18 -28.02
R 0.81 0.84 0.84 0.87 0.73 0.96 0.85
R2 0.66 0.70 0.70 0.76 0.53 0.91 0.73
RMSE 68.69 129.06 114.02 52.69 60.26 46.26 40.89
SE 65.13 118.75 113.43 35.87 43.42 4353 22.72
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Appendix D

Existing and adaptive dam operation models

D.1 Existing reservoir operation model

D.1.1 The release - storage ratio reservoir operation model component

The dam operation development by the release — storage ratio (RSR)
method composes 4 components i.e., 1) reservoir operation model; 2) water
release decision making module by tree probability classification process; 3)
water demand decision making module; 4) water network balance model (see

detail in Appendix F).
D.1.2 Reservoir water balance concept

The reservoir water balance was proposed and applied in this study to

calculate the storage of Sirikit Dam by the following equation:
St:St—1+It+Rt_0t_Et (1)

where S; is the storage in the present period , MCM |, S4 is the storage
in previous period , MCM, | is the inflow in this period , MCM, R; is the rainfall
in the present period, Ry = (1 — C) x r; x A(S)/1000, MCM, C is the runoff
coefficient that was assumed as 0.75. ry is the rainfall at the present period,
mm/month. A(St) is the surface area of the reservoir in the present period that
depend on the water storage at the present period, Km”. Oy is the release and
spillage in the present period , MCM, E; is the evaporation at the present period
, Et =0.78 x E, x A(S:)/1000, MCM, E, is evaporation that calculated from Penman

- Montein equation.

Inflow, I;

Rain, R; i
’\ N Evaporation, E;

fececheccnngigecemanccccssscncanncsnsacsssanan
—

I AS, Spill,
_‘& ...........................

Release, O,

»

Figure D.1 The schematic of reservoir water balance
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D.1.3 Reservoir operating criteria

1) Minimum water level or minimum pool level is defined to reserve
the water storage for trapping the suspended sediment. For the reservoir
management will be allow the water level of reservoir lower than the minimum
level in the case release for domestic use propose only. However, at the
minimum water level, the reservoir can release in the normal condition that the
minimum water storage will be equal to the lowest outlet level, or in the
generated electricity reservoir will define the minimum storage by considering

the turbine managing efficiency.

2) Normal high water level or normal pool level is defined for
controlling the reservoir storage between minimum water level and normal
water level has the water sufficiently to manage the inflow to reservoir in each
year. Furthermore, it can be responded the water use activities according to the
objective of the reservoir. On the other hand, the normal high water level is the
full water storage level as designing the equal to the crest of spillway. Thus, if
the runoff flows to reservoir higher than this level, it will drain to the spillway.
However, in the case of spillway has the controlling gate can be store more

water but it should have the restrict release measure.

3) Minimum Water Level or Maximum Flood Water Level is the water
level which allows to happen in the case of the designed flood for spillway
flows to the reservoir, and then gain the water level higher under the designed
open-close gate of spillway conditions. While the reservoir still has the

freeboard level enough to protect to water spillage the crest of dam.

4) The reservoir operation rule curve is defined for the desired water
storage according to the 1-year reservoir management plan. The concept is: the
flood season, the water storage will be controlled to low level as possible for
receive the flood water flow to the reservoir and protect the downstream flood.
After the flood period, The reservoir should be kept high water level to prepare
the release for water use activities. However, the release rule will attempt to

adjust to increase or reduce the water storage close to the rule curve.
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D.1.4 The existing reservoir operation model development

The existing reservoir operation development includes the reservoir
operation model, the release decision making rules, the water demand decision
making module and the water network balance model development. The detail

of existing reservoir operation model follows as:

D.1.4.1 Reservoir operation model development

The reservoir operation model is to balance the storage in the

reservoir by using reservoir water balance equation follows as:

1) Collect and enter the input variables into the reservoir operation
model included rainfall, maximum and minimum temperature, relative

humidity, initial storage, inflow and the reservoir characteristics.

2) Collect the historical cultivated area and basically information for

water demand estimation in Phisanulok and Chao Phraya irrigation Projects

3) Enter the input variables into the reservoir operation model
included rainfall, maximum and minimum temperature, relative humidity,

initial storage and inflow based on monthly basis.

4) Assign the reservoir characteristics such as height — volume - area
curve, crest of spillway, maximum storage level, normal storage level, dead

storage level and reservoir rule curve.

5) Develop the release rules as the water release making decision
module by calculating the release — storage ratio for general and flood

control operation.

6) Develop the water demand decision making module by using
probability decision tree method to classify from the storage at the end of

season and estimate the water demand unit bases on the climate condition.

7) Develop the water network balance model by calibrating and
verifying model with the observed runoff and integrate this model to

reservoir operation model.

8) Apply the general and flood dam operation model by integrating
the release rules, the water demand decision making module, the water

demand decision making module and the water network balance module.
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9) Assess the impact of climate change on the reservoir water balance,
water shortage, spillage and accumulative runoff at the downstream by

general and flood control dam operation.

D.1.4.2 Decision trees classification method

A decision tree partitions the input space (also known as the
feature or attribute space) of a data set into mutually exclusive regions, each
of which is assigned a label, a value, or an action to characterize its data
points. The decision tree mechanism is transparent and we can follow a tree
structure easily to explain how a decision is made, therefore, the decision
tree method has been used extensively in machine learning, expert systems,
and multivariate analysis; it is perhaps the most highly developed technique

for partitioning sample data into a collection of decision rules.

A decision tree is a tree structure consisting of internal and
external nodes connected by branches. An internal node is a decision-
making unit that evaluates a decision function to determine which child
node to visit next. In contrast, an external node, also known as a leaf or
terminal node, has no child nodes and is associated with a label or value
that characterizes the given data that lead to its being visited. In general,
decision tree is employed as follows. First, we present a datum (usually a
vector composed of several attributes or elements) to the starting node (or
root node) of the decision tree. Depending on the result of a decision
function used by an internal node, the tree will branch to one of the node’s
children. This is repeated until a terminal node is reached and a label or
value is assigned to the given input data. The decision tree classification
method follow as: 1) Identify the problems opportunities; 2) Assess the
situation : this study focused on the release rule and water demand; 3)
Determining success criteria; 4) Identify the interval of probability; 5)

Generate alternatives.

D.1.5 Water release decision making module

1) For the general dam operation rule which patternize the release rule

bases on the historical data. The release rule can formulate follow as:
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1.1) Patternize the release rule of the dam from the effective storage in
each water season and each month within the season by using probability
decision tree method and classified to be high, normal, dry and very dry water
season. The wet season start from Apr 30 and dry season start from Oct 31. The
classification of antecedent storage of Sirikit Dam by probability decision trees

show as Figure D.4.

1.2) Analyze the release-effective storage ratio (r;)) from the proportion
between monthly water release at the present month (Op) and antecedent
effective storage (Seyy). Thus, the average monthly release-effective storage ratio
was grouped into the water season and monthly antecedent effective storage
level. The amount of water release in the present month (Ry) can be calculated
by taking the antecedent effective storage (Se.;) multiply with this release-
effective storage ratio (r). The release - storage ratio of Sirikit Dam shows in
Table D.2. The release-effective storage ratio (r;) was calculated by the following
equation:

O¢

rl 7 Set_l (2)

where r; is the release-effective storage ratio, month—1, O is monthly
water release at the present month, MCM/month and Se; is the average monthly

effective storage at previous month, MCM.

1.3) Calibrate the release rule by simulating the reservoir operation in
year 1979 — 2011.

1.4) Verify the release rule by simulating the reservoir operation in year
1979 - 2011.

2) For the flood dam operation rule, the proportion of water release and
effective storage of the water management plan in year 2012 was used as the

flood water operation rule.

For water release pattern, the dam effective water storage at the end
of previous season as the initial water season was used to set the water release
rule. It was found that water release pattern in the wet season can be classified
into 4 water seasons based on the probability (P) of antecedent effective storage
(shown as Figure D.2) such as high (Seff.; > 2,991 MCM), normal (1,381 MCM >
Seffi; >= 2,991 MCM), dry (648 MCM > Seff,; >= 1,381 MCM) and very dry (Seff,
< 648 MCM) water season.
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For the dry season can be classified into 4 water seasons also such as
high (Seff., > 5,767 MCM), normal (3,826 MCM > Seff,; >= 5,767 MCM), dry (2,033
MCM > Seff_; >= 3,826 MCM) and very dry (Seff.; < 2,033 MCM) water season.
During the season, the monthly antecedent effective storage in each season can
be separated into 5 levels based on the probability tree of antecedent effective
storage (Seff.;) classification such as higher (P = 0.90 — 1.00), high (P = 0.80 -
0.90), medium (P = 0.30 - 0.80), low (P = 0.10 — 0.30) and lower level (P = 0.00
- 0.10), respectively. The figure of the monthly effective storage in each level is

shown in Figure D.4. The release-effective storage ratio was shown as Table D.2.

Table D.1 The criteria of water season classification for antecedent effective storage

Season Water season Probability Effective Storage (MCM)
Wet Season High 0.75 - 1.00 x > 2,991
Normal 0.30 - 0.75 1,381 > x >= 2,991
Dry 0.10 - 0.30 648 > x >= 1,381
Very Dry 0-0.10 x < 648
Dry Season High 0.75 - 1.00 x > 5767
Normal 0.30 - 0.75 3,826 > x >= 5,767
Dry 0.10 - 0.30 2,033 > x >= 3,826
Very Dry 0-0.10 x < 2,033

The proposed dam operation pattern based on probability
decision tree method can be calibrated and verified by comparing the observed
release data which recorded by EGAT with the computed release from the
release pattern derived. The check and varification periods are the year 1987 —
1996 and year 1997 - 2011 respectively. The correlation (Rz) and the root mean
square error of water release of Sirikit dam in check period are found to be good
as 0.74 and 166 MCM, respectively. The correlation (RZ) and the root mean
square error of release in verification period are found to be good as 0.80 and
145 MCM, respectively. The result has shown that proposed decision tree
method can patternize water release under general dam operation rule
reasonably. This pattern was further used in the dam water balance study to
assess the impact of the climate change on dam operation. For the release
pattern under flood dam operation rule, the proportion of water release and
effective storage in the year 2012 was used as the flood water operation pattern.

However since this study focused Sirikit dam operation cope with the water



demand in Nan Basin, thus Bhumibol dam

the dam release study in this study.

296

operation will not be considered in
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Figure D.4 The classification of antecedent storage of Sirikit Dam by

probability decision trees
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Monthly storage level classification

Water seasonal classification

Seff,, > 8347, (P = 0.90 — 1.00)

6681 > Seff., >= 8347, (P = 0.80 — 0.90)

High water season 5073 > Seff., >= 6681, (P = 0.30 — 0.80)

Low 3982 > Seff., >= 5073, (P = 0.10 — 0.30)

Wet : Seff,; > 4493, (P = 0.75 — 1.00)

Dry : Seff., > 6700, (P = 0.75 — 1.00) Seffi.; <3982, (P =0.00 - 0.10)

Seff., > 5912, (P = 0.90 — 1.00)

4684 > Seff., >= 5912, (P = 0.80 — 0.90)

Normal water season

Low 1924 > Seff,, >= 3117, (P = 0.10 — 0.30)

3117 > Seff., >= 4684, (P = 0.30 — 0.80)

Wet : 1777 > Seff,; >= 4493, (P = 0.30 — 075)

Dry : 4584 > Seff., >= 6700, (P = 0.30 — 075) Seffis < 1924, (P =0.00-0.10)

Water season

Seff., > 4923, (P = 0.90 — 1.00)

3135 > Seffy, >= 4923, (P = 0.80 — 0.90)

Low 440 > Seff,, >= 1411, (P = 0.10 — 0.30)

Dry water season 1411 > Seff., >= 3135, (P = 0.30 — 0.80)

Wet : 694 > Seff., >= 1777, (P = 0.10 — 0.30

Dry : 2998 > Seff,, >= 4584, (P = 0.10 — 0.30) Seffi < 440, (P =0.00 - 0.10)

Seff; > 2537, (P = 0.90 — 1.00)

1951 > Seff; >= 2537, (P = 0.80 — 0.90)

Very dry water season 541 > Seff., >= 1951, (P = 0.30 — 0.80)
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Seff., < 442, (P = 0.00 — 0.10)

Figure D.6 The classification of antecedent storage of Bhumibol Dam by probability

decision trees
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op:raar:ion Water | Monthly Release - storage ratio (month™)
rule season level May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Jan | Feb | Mar | Apr
1. General | High higher 0.21 0.24 | 0.08 | 0.17 | 0.21 | 0.11 | 0.06 | 0.06 | 0.08 | 0.13 | 0.17 | 0.20
high 0.21 0.24 | 0.08 | 0.17 | 0.21 | 0.04 | 0.08 | 0.10 | 0.10 | 0.13 0.17 0.20
medium 0.21 0.24 | 0.08 | 0.17 | 0.05 | 0.06 | 0.12 | 0.07 | 0.10 | 0.14 | 0.19 | 0.20
low 0.15 0.15 | 0.16 | 0.17 | 0.09 | 0.06 | 0.12 | 0.07 | 0.10 | 0.21 0.25 0.24
lower 0.34 | 0.26 | 0.22 | 0.20 | 0.09 | 0.06 | 0.12 | 0.07 | 0.10 | 0.21 0.25 | 0.30
Normal | higher 0.23 0.17 | 0.15 | 0.25 | 0.09 | 0.07 | 0.07 | 0.09 | 0.12 | 0.15 | 0.19 | 0.26
high 0.23 0.17 | 0.15 | 0.25 | 0.09 | 0.05 | 0.05 | 0.07 | 0.11 | 0.15 0.19 0.26
medium 0.23 0.17 | 0.15 | 0.13 | 0.08 | 0.07 | 0.13 | 0.10 | 0.14 | 0.18 | 0.24 | 0.26
low 0.30 021 | 0.28 | 0.26 | 0.14 | 0.13 | 0.25 | 0.19 | 0.09 | 0.20 0.32 | 0.34
lower 0.33 029 | 033 | 049 | 0.11 | 0.13 | 0.25 | 0.19 | 0.15 | 0.14 | 0.24 | 0.40
Dry higher 0.26 0.12 | 0.16 | 0.15 | 0.06 | 0.00 | 0.03 | 0.06 | 0.10 | 0.16 0.18 0.19
high 0.26 0.12 | 0.16 | 0.15 | 0.06 | 0.05 | 0.04 | 0.05 | 0.07 | 0.10 0.18 0.19
medium 0.26 0.12 | 0.16 | 0.15 | 0.13 | 0.11 | 0.18 | 0.06 | 0.13 | 0.25 | 0.31 0.22
low 0.26 0.38 | 0.32 | 0.50 | 0.19 | 0.11 | 0.18 | 0.19 | 0.20 | 0.32 | 0.31 0.25
lower 0.58 0.46 | 0.70 | 0.60 | 0.19 | 0.11 | 0.18 | 0.19 | 0.20 | 0.32 | 0.50 | 0.40
Very higher 0.44 0.24 | 0.15 | 0.07 | 0.06 | 0.03 | 0.07 | 0.05 | 0.06 | 0.11 0.16 0.17
Dry high 0.44 | 0.24 | 0.15 | 0.07 | 0.06 | 0.07 | 0.04 | 0.05 | 0.08 | 0.11 0.16 | 0.17
medium 0.44 | 0.24 | 0.15 | 0.07 | 0.09 | 0.03 | 0.11 | 0.09 | 0.10 | 0.18 | 0.30 | 0.27
low 0.44 0.24 | 0.15 | 0.07 | 0.05 | 0.03 | 0.11 | 0.09 | 0.10 | 0.18 0.30 0.50
lower 0.42 0.35 | 0.80 | 0.06 | 0.05 | 0.03 | 0.11 | 0.09 | 0.10 | 0.18 | 0.30 | 0.50
2. Flood 0.18 024 | 03¢ | 040 | 0.23 | 0.11 | 0.11 | 0.10 | 0.15 | 0.20 0.29 0.35
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op:raar:ion Water | Monthly Release - storage ratio (month™)
rule season | level May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Jan | Feb | Mar | Apr
1. General | High higher 0.12 0.10 | 0.17 | 0.05 | 0.02 | 0.07 | 0.07 | 0.09 | 0.13 | 0.10 | 0.13 | 0.12
high 0.12 0.10 | 0.17 | 0.05 | 0.02 | 0.01 | 0.03 | 0.06 | 0.09 | 0.13 | 0.13 0.12
medium 0.12 0.10 | 0.17 | 0.05 | 0.02 | 0.05 | 0.06 | 0.06 | 0.08 | 0.12 | 0.16 | 0.13
low 0.12 0.10 | 0.08 | 0.09 | 0.05 | 0.03 | 0.06 | 0.06 | 0.08 | 0.12 | 0.21 0.17
lower 0.12 0.16 | 0.16 | 0.12 | 0.07 | 0.05 | 0.06 | 0.06 | 0.08 | 0.12 | 0.21 0.30
Normal | higher 0.14 | 0.09 | 0.11 | 0.09 | 0.12 | 0.12 | 0.00 | 0.04 | 0.05 | 0.09 | 0.13 | 0.13
high 0.14 0.09 | 0.02 | 0.10 | 0.04 | 0.04 | 0.06 | 0.09 | 0.10 | 0.12 | 0.18 0.13
medium 0.14 | 0.09 | 0.11 | 0.09 | 0.05 | 0.03 | 0.07 | 0.05 | 0.12 | 0.17 | 0.21 0.20
low 0.18 0.13 | 0.12 | 0.15 | 0.08 | 0.06 | 0.07 | 0.05 | 0.12 | 0.17 | 0.26 0.25
lower 0.26 0.19 | 0.24 | 0.25 | 0.14 | 0.16 | 0.07 | 0.05 | 0.12 | 0.17 | 0.26 | 0.33
Dry higher 0.23 0.03 | 0.05 | 0.01 | 0.01 | 0.01 | 0.09 | 0.01 | 0.04 | 0.11 0.16 0.14
high 0.23 0.03 | 0.05 | 0.01 | 0.01 | 0.01 | 0.09 | 0.07 | 0.06 | 0.11 0.21 0.14
medium 0.23 0.03 | 0.05 | 0.01 | 0.03 | 0.03 | 0.07 | 0.20 | 0.14 | 0.18 | 0.25 | 0.31
low 0.44 0.32 | 0.25 | 0.15 | 0.05 | 0.17 | 0.07 | 0.20 | 0.14 | 0.18 | 0.25 0.35
lower 0.44 | 0.53 | 0.76 | 0.49 | 0.26 | 0.17 | 0.07 | 0.20 | 0.14 | 0.18 | 0.25 | 0.35
Very higher 0.34 0.07 | 0.06 | 0.05 | 0.02 | 0.02 | 0.15 | 0.12 | 0.15 | 0.17 | 0.29 0.35
Dry high 0.34 | 0.07 | 0.06 | 0.05 | 0.08 | 0.02 | 0.15 | 0.10 | 0.15 | 0.17 | 0.29 | 0.35
medium 0.34 | 0.07 | 0.06 | 0.05 | 0.08 | 0.02 | 0.21 | 0.10 | 0.15 | 0.21 | 0.29 | 0.35
low 0.34 0.07 | 0.40 | 0.05 | 0.08 | 0.02 | 0.21 | 0.10 | 0.15 | 0.21 0.29 0.30
lower | 0.10 | 028 | 040 | 0.57 | 008 | 002 | 021 | 0.10 | 0.15 | 021 | 029 | 0.30
2. Flood 0.10 0.12 | 0.13 | 0.13 | 0.09 | 0.09 | 0.08 | 0.08 | 0.15 | 0.18 | 0.24 | 0.27
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D.1.6 Water demand decision making module

The water demand system is the decision module for determining
the crop cultivation area in the downstream irrigation projects. The concept of
the water demand system bases on the decision tree classification method. The
logic of this system will decide the suitable cultivated area according to the
probability of the effective storage at the end of previous season that mean the
dam operation will determine the release rules from the residual water budget of
the dam. This system is designed into 2 layers decisions included 1) identifying
water season at the present period and 2) identifying monthly level in water

season.

The water demand unit (MCM/month/rai) was calculated as the
default values. Thus, the water demand unit was calculated under climate
condition that included present, near future and far future period. Hence, the
variables which effect to water demand are the different effective rainfall and
evapotranspiration that concern as the water demand rate with climate
condition. The cropping pattern in this study was assumed as the present period,
the farmer start to cultivate in wet season at the mid of May to mid of November
and dry season at the early of December to mid of March. Due to the cultivating
behavior of farmers in Thailand do not cultivate the same time, the water
demand calculation also consider the percentage of incremental area as the one
of factors in the water demand estimation. This percentage of incremental area

was adopted from the interview and some recorded cultivation area by RIO3.

During the program running, the water demand system will select
cultivated area by decision tree classification that will be taken it to multiply with
the water demand rate. While the water demand will be incorporated to water
balance model in the same time. The advantage of this system is the reservoir
operation can adjust the release following the water demand under the present

month by consider the water budget in the previous month.

However the limitation of this system bases on the historical
cultivation and the limitation of irrigation project area. If there are some of driving
planting factors or any policies to induce the farmers plant rice more than 2
crops per year, this water demand system will not take it to consider. Due to this
study attempted to adjust the dam operation responding to climate change only.
The classification of cultivated area for Phitsanulok and Chao Phraya Irrigation

Projects show as Table D.4 and D.5. The probability decision trees of crop
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cultivation area show as Figure D.7 and D.8. The water demand estimation can

follow as:

1) Collect the historical cultivated area in Phisanulok and Chao
Phraya irrigation Projects (year 1985 - 2008) from lIrrigation Office 3, Royal Irrigation
Department (RIO3).

2) Calculate the irrigation water demand rate (MCM/1,000 rais)

from the effective rainfall and evapotranspiration under the climate condition.

3) Classify the cultivated area from the effective storage at the end

of season.

4) In the application of the water demand system, first the present
water season will be defined by the monthly effective storage at the end of
previous season dynamically. Second the water demand system will identify the
level of cultivation from the monthly effective storage at the end of previous
season also. Finally, the irrigation water demand of Phisanulok Irrigation Project
and Great Chao Phraya Project will be estimated from the cultivated area

multiply with the monthly water demand rate (MCM/month/rai).

5) Apply the water demand system as the water demand decision
making module into the water balance model as the input variables in the

general, flood and adjusted dam operation.

The classification of crop cultivation area for Phitsanulok and Great
Chao Phraya Project Irrigation Project show as Table D.4 and D.5. The probability
decision trees of cultivated area of Phitsanulok and Chao Phraya Irrigation Project
show as Figure D.7 and D.8. For the classification of crop cultivation area can

follow as:

- Create the probability of effective storage at the end of season
(Sy) for classifying the water season to be high, normal, dry and very dry water

season same as the release patternization.

- Under the cultivated area in each water season, classify the
cultivated area (A) in each water season by the probability decision tree
classification method and then set the level of cultivation as high intensity (P =
0.67 - 1.00), medium intensity (P = 0.33 — 0.67) and low intensity (P = 0.00 —
0.33).

- Average the cultivated areas matching with the level of

cultivation.
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Table D.4 The classification of crop cultivation area for Phitsanulok Irrigation Projects

Effective storage at

Water - ) Monthly Monthly effective Cultivated
Season Probability the end of previous 3 v,
season 3 Level storage (Mm”) area (rais)
season (Mm”?)
Wet
High 0.75-1.00 Seffs, > 2,991 High Seff, > 3,609 606,274
Season
Medium 3,107 > Seff, >= 3,609 565,778
Low Seff, <= 3,107 503,458
Normal 0.30 - 0.75 High Seff, > 2,483 648,294
1,381 > Seff,; >= .
M Medium 1,955 > Seff, >= 2,483 566,650
’ Low Seff, <= 1,955 519,358
Dry” 0.10 - 0.30 High Seff, > 1,042 624,574
648 > Seff,, >=1,381 | Medium 737 > Seff, >= 1,042 560,743
Low Seff, <= 737 526,757
very Dry” | 0-0.10 Seff,, <= 648 High Seff, > 480 624,574
Medium 246 > Seff, >= 480 519,763
Low Seff, <= 246 510,925
Dry High 0.75 - 1.00 Seff,, > 5,767 High Seff, > 6,590 682,162
Season Medium 6,477 > Seff, >= 6,590 544,452
Low Seff, <= 6,477 111,156
Normal 0.30 - 0.75 High Seff; > 5,328 626,670
3,826 > Seff,, >= )
— Medium 4,753 > Seff, >= 5,328 486,497
’ Low Seff, <= 4,753 122,276
Dry 0.10 - 0.30 High Seff, > 3,173 598,393
2,033 > Seff,; >= )
Medium 2,512 > Seff, >= 3,173 305,525
3,826
Low Seff, <= 2,512 216,254
Very Dry 0-0.10 Seff,; <= 2,033 High Seff, > 2,008 234,473
Medium 1,916 > Seff, >= 2,008 139,215
Low Seff, <= 1,916 134,617

Remark : 1/ Cultivated area is the paddy planting area.
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Season Water | Probability | Storage at the | Monthly Monthly storage Rice (rais) Crop
season end of level (MCM) (rais)
previous
season (MCM)
Wet

Season High 0.75-1.00 | Seff,, > 7,535 High Seff, > 8,726 6,013,172 | 40,348
Medium 8,204 > Seff, >= 8,726 | 4,959,907 29,007
Low Seff, < 8,204 4,705,240 22,784

3,728 > Seff,
Normal | 0.30 - 0.75 >47,535 High Seff, > 6,509 6,224,301 | 41,028
Medium | 4,779 > Seff; >= 6,509 | 5,683,581 37,016
Low Seff, < 4,779 4,696,820 | 22,643

1,394 > Seff,,
DryZ/ 0.10-0.30 >= 3,728 High Seff, > 2,869 6,063,196 | 69,392
Medium 1,923 > Seff, >= 2,869 | 5,388,860 38,417
Low Seff, < 1,923 4,498,671 | 25,066

Very
Dry” 0-0.10 | Seff., < 1,394 High Seff, > 1,130 5623723 | 37,069
Medium 856 > Seff, >= 1,130 5,265,075 33,347
Low Seff, < 856 4,757,635 | 25,369
Dry Seffe; >
Season High 0.75-1.00 12,028 High Seff, > 14,734 4,649,456 30,357
13,158 > Seff, >=

Medium 14,734 3,539,117 21,288
Low Seff; < 13,158 1,649,177 13,312

8,720 > Seff, ,
Normal | 0.30 - 0.75 >= 12,028 High Seff, > 10,993 5,169,949 | 65,781

10,106 > Seff, >=

Medium 10,993 3,276,745 | 24,559
Low Seff; < 10,106 1,336,388 10,787

5,136 > Seff,,
Dry 0.10- 0.30 >= 8,720 High Seff; > 8,152 4,677,382 66,479
Medium | 5,518 > Seff, >= 8,152 | 2,745,440 | 22,160
Low Seff, < 5,518 2,050,005 16,547

Very

Dry 0-0.10 Seff,, < 5,136 High Seff; > 4,850 3,279,054 32,827
Medium | 3,374 > Seff, >= 4,850 | 2,060,101 | 16,628
Low Seff, < 3,374 1,761,507 | 14,218

Remark : Storage at the end of previous season and monthly storage were determined from Sirikit and Bhumibol

dam
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Seff,> 3,609, Aryet= 606,274 rais
Seff;> 6,590, Arqy = 682,162 rais

3,107 > Seff;>= 3,609, Aryet= 565,778 rais
6,477 > Seffy>= 6,590, Argqy = 544,452 rais

High water season

Wet : Seff, > 2991, (P = 0.75 — 1.00)
Dry : Seffs; > 5767, (P = 0.75 — 1.00)

Low

Seffy <= 3,107, Aryet = 503,458 rais
Seff; <= 6,477, Argy= 111,156 rais

Seff, > 2,483, Aryet = 648,294 rais
Seff; > 5,328, Argy = 626,670 rais

1,955 > Seff; >= 2,483, Aryet= 566,650 rais
4,753 > Seff, >= 5,328, Arqy, = 486,497 rais

Normal water season

Wet : 1381 > Seff, >= 2991, (P = 0.30 - 075) Low Seffi<= 1,955, Mfue = 519,356 rais

Seff; <= 4,753, Arqy = 122,276 rais

Water season Dry : 3826 > Seff, >= 5767, (P = 0.30 — 075)

Seffy > 1,042, Aryet = 624,574 rais
Seff; > 3,173, Argy = 598,393 rais

737 > Seff, >= 1,042, Aryet = 560,743 rais

Medi
2,512 > Seff; >= 3,173, Argy = 305,525 rais

Seffi<= 737, Aryet= 526,757 rais
Seffi<= 2,512, Argy= 216,254 rais

Dry water season

Wet : 648 > Seff,; >= 1381, (P = 0.10 — 0.30)
Dry : 2033 > Seff,; >= 3826, (P = 0.10 — 0.30)

Seff; > 480, Aryer= 624,574 rais
Seff; > 2,008, Argy = 234,473 rais

246 > Seff; >= 480, Aryer= 519,763 rais

.
1,916 > Seff; >= 2,008, Argy= 139,215 rais
Seffy <= 246, Aryee= 510,925 rais
Seff; <= 1,916, Argy= 134,617 rais

Very dry water season

Wet : Seff,, < 648, (P = 0.00 - 0.10)
Dry : Seff,; < 2033, (P = 0.00 — 0.10)

Figure D.7 The probability decision trees of cultivated area of Phitsanulok Irrigation

Project

High water season

Wet : Seffy, > 7,535, (P = 0.75 - 1.00)
Dry: Seffy; >12,028, (P =0.75 - 1.00)

Seffi > 8,726 , Arye = 6,013,172 rais, Acyer= 40,348 rais
Seff> 14,734 , Argy= 4,649,456 rais, Acgy= 30,357 rais

8,204 > Seff, >= 8,726, Arye= 4,959,907 rais, ACue= 29,007 rais
13,158 > Seff, >= 14,734, Arqy = 3,539,117 rais, Acyy = 21,288 rais

Seffi <= 8,204, Aryet = 4,705,240 rais, Acye = 22,784 rais,
Seffy <= 13,158, Arqy= 1,649,177 rais, Acqy = 13,312 rais

Seff; > 6,509, Aryer = 6,224,301 rais, Acye = 41,028 rais

Seff; > 10,993, Argy = 5,169,949 rais, Acyy = 65,781 rais

4,779 > Seff,>= 6,509, Afye= 5,683,581 rais, Acye = 37,016 rais

10,106 > Seff >= 10,993, Arqy = 3,276,745 rais, Acqy = 24,559 rais

Wet : 3,728 > Seffy; >= 7,535, (P = 0.30 — 075) Low Seffy <= 4,779, Arye = 4,696,820 rais, Acye = 22,643 rais
<= = i = i
Dry : 8,720 > Seff, 1 >= 12,028, (P = 0.30 - 075) Seff, <= 10,106, Arqy = 1,336,388 rais, Acqy = 10,787 rais
- Seff, > 2,869, Arye = 6,063,196 rais, Acye:= 69,392 rais
A -
Seff, > 8,152, Arqy = 4,677,382 rais, Acqy = 66,479 rais
" 1,923 > Seff; >= 2,869, Arye = 5,388,860 rais, Acye = 38,417 rais
Medi ) T ) ) wet i) il y wet i)
5,518 > Seff; >= 8,152, Aryyy = 2,745,440 rais, Acqy = 22,160 rais
Wet : 1,394 > Seff,, >= 3,728, (P = 0.10 - 0.30) Low Seffy <= 1,923, Arye = 4,498,671 rais, Acye = 25,066 rais

Seff, <= 5,518, Argy = 2,050,005 rais, Acqy = 16,547 rais
Dry : 5,136 > Seffs, >= 8,720, (P = 0.10 - 0.30)

Seffy > 1,130, Aryer= 5,623,723 rais, Acyer= 37,069 rais
Seff; > 4,850, Argy = 3,279,054 rais, Acqy = 32,827 rais
Very dry water season 856 > Seff, >= 1,130, Are = 5,265,075 rais3 ACye = 33,347 rais_
3,374 > Seff, >= 4,850, Argy = 2,050,005 rais, Acqy = 16,547 rais
Wet : Seffs, < 1,394, (P =0.00-0.10) o Seff, <= 856, Al = 4,757,635 rais, ACye = 25,369 rais
Dry : Seffy; < 5,136, (P = 0.00 - 0.10) Seff, <= 3,374, Argy= 1,761,507 rais, Acqyy = 14,218 rais

Figure D.8 The probability decision trees of cultivated area of Chao Phraya Irrigation

Project
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D.1.7 Reservoir operation simulation procedures

The reservoir operation model is to balance the storage in the

reservoir by using reservoir water balance equation follows as:

1) Enter the input variables into the reservoir operation model
included rainfall, maximum and minimum temperature, relative humidity, initial

storage and inflow based on monthly basis.

2) Assign the reservoir characteristics such as height — volume -
area curve, crest of spillway, maximum storage level, normal storage level, dead

storage level and reservoir rule curve.

3) Apply the reservoir water balance equation to calculate the
present storage (Sy). The reservoir water balance was proposed and applied in

this study to calculate the storage of Sirikit Dam by the following Eq.(1)

4) Apply the dam operation rule into reservoir operation model for
the release decision making module. The dam operation rule in this study
included 4 release decision making rules such as general, flood, adjusted general
and adaptive dam operation. In the application of these rules can be separate

the how to use rules into 2 methods.

For the general, flood and adjusted general dam operation

rules, the release (Oy) can be calculate by the following equation:
Ot == Tl X Set_l (3)

where O is the amount of water release in the present month,
MCM/month, [ is release-effective storage ratio, month-1, Set.1 is the antecedent

storage.

5) Apply the general and flood dam operation model by
integrating the release rules, the water demand decision making module, the

water demand decision making module and the water network balance module.

6) Assess the impact of climate change on the reservoir water
balance, water shortage, spillage and accumulative runoff at the downstream by

general and flood control dam operation.
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D.2 Adaptive reservoir operation model

The adaptive reservoir operation model includes 5 components
follow as:1) input state variables; 2) reservoir water balance module; 3) modified
ANFIS release decision making module; 4) water demand decision making module
(see detail in Appendix D.1.6) ; 5) water network balance process (see detail in

Appendix F). The detail of adaptive reservoir operation model follow as:

D.2.1 Adaptive Neuro Fuzzy Logic (ANFIS) concept

The reservoir operation in this study was developed by the
Adaptive neuro fuzzy logic (ANFIS) rule base. The mainly idea of this ANFIS
methodology included the concept of fuzzy logic, Fuzzy Inference Systems (FIS)

and Adaptive Neuro-Fuzzy Inference Systems (ANFIS).
D.2.1.1 The concept of fuzzy logic

This topic explained the concept and definition of the words
that related with this study. There are many necessary fuzzy logic knowledge and

some keywords included:
1) Fuzzy set theory

Fuzzy logic is the supporting tool for making the decision
under the uncertainty and ambiguously data. The fuzzy logic also provides for
unclear objective and allows to have the flexibility by imitating the complex of
the human thinking. Hence, the characteristic of fuzzy logic is more specific than
the Boolean logic. The conceptual of fuzzy logic expands the partial true or grays
part, that the real value will be in the range between the completely true and
completely false. While the Boolean logic will be the value as “true” and “false”

or “white” and “black” only.

Let X be a universe set of x values (elements). Then A is called

a fuzzy (sub) set of X, if A is a set of ordered pairs:

A={(xpa(x),x € X, un(x) € [0,1]} (4)

where ua(X) is the grade of membership (or degree of belief) of x

in A. The function ua(X) is called the membership function of A. A fuzzy set is
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called a fuzzy number if it is normal (i.e. the maximum of the memberships is 1)

as well as convex.
2) Membership functions (MFs)

Membership functions are fuzzy sets that can be represented
through mathematical expressions by taking into consideration the normality and
convexity properties. In general, fuzzy sets can be of triangular, trapezoidal,
Gaussian, or other form. In the transition regions, its MF parts can be linear,
quadratic, or exponential, depending on the object of interest. The membership
function embodies the mathematical representation of membership in a set, and

the notation of a fuzzy set of A, where the functional mapping is given by
a(x) € [0,1] (5)

And the symbol U (X) is the degree of membership of
element x in fuzzy set A. Therefore  Up (X) is a value on the unit interval that
measures the degree to which element x belongs to fuzzy set A; equivalently,
1 (X) = degree to which xEA.

The trapezoidal MF is a function of a support vector x and
depends on four scalar parameters (a, b, ¢, and d), as shown in Figure D-9. The
mathematical expression of this MF is given by:

0x<a
ﬂ, as<x<b
b—a
(x)=<{ LLb<x<c (6)
Lﬂ, c<x<d
d-c
0,d <x

Or, more compactly, by:

u(x) = max [mm (—a 1, —) O] (7)

The parameters a(b) and d(c) locate the left and right limits of the
support. It is obvious that the triangular MF is a special case of the trapezoidal
MF when b=c; and if a=b=c=d, then a fuzzy singletion is obtained. Furthermore,
a,b,c,and d represent lower modal, left spread, upper modal, and right spread,

respectively.

Traditional mathematics and logic assign a membership degree

(MD) of 1 to items that are members of a set and 0 to those that are not. This is
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the dichotomy principle. Such a strong principle inevitably runs into philosophical
problems. Fuzzy set theory offers a resolution to such problems. More
importantly, it offers a logic that closely imitates the human thought process by
allowing for approximate reasoning and vagueness. It allows a proposition to be
neither “fully true” nor “fully false” but “partly true” and “partly false” to a
given degree. It is common to restrict these MDs to the real inclusive interval
[0,1].

The fuzzy set can be thought of as the transformer of different
discourses within each set into a map, which assumes values within the positive
unit interval. For instance, if the rainfall intensity, I, is the name of the whole set
and “small” rainfall intensity is one of the subsets, then as the smallness of
intensity deviates from this peak value of 1, the fuzzy set starts to decrease in a

monotonous manner, down to 0 on both sides. (Figure D.9)

Width (Support) i
Figure D.9 Fuzzy set with triangular MF
3) Linguistic variables

Fuzzy logic has the ability to express the amount of ambiguity in
human thinking and subjectivity, including natural language, and hence words,
adjectives, and sentences in a comparatively undistorted manner. Linguistic
variables are the most fundamental elements in human knowledge exposition

and dissemination.
4) Knowledge base

The knowledge base is specified to the application domain with
facts about the domain and rules that describe relations in the domain. Herein,
“IF..., ..., .. THEN ..., ... 7 rules are by far the most popular formalism for

presenting knowledge.
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5) Fuzzy rule base

Fuzzy rule base is to transform the human knowledge to the logic
in the form of Linguistic variables by combining the basic structure that is IF
Premise (antecedent), THEN Conclusion (consequent). A set of rules represents
the internal associations between input variables, and then such combinations
are related to output fuzzy sets through logical proportional, indirectly
proportional, or other type of relationship. The representative (valid) set of rules
is obtained for the hydrologic phenomenon under consideration. The fuzzy rule
base includes all the features of mathematical formulation of an event but in

»

terms of words and propositions in the form of “IF . .. THEN . . .” statements

such as IF Storage high and Inflow normal THEN Release slightly more etc.

D.2.1.2 Fuzzy Inference Systems (FIS)
D.2.1.2.1 Fuzzy inference system mechanism

Fuzzy Inference Systems (FIS) is the actual process of mapping
from a given set of input variables to an output based on a set of fuzzy rules,
which are the essence of the modeling. The general framework of the FIS
structure is presented in Figure D-10. The general fuzzy inference engine
proceeds in four steps: (Sen, 2010)

1) Fuzzification: The MFs defined in the input variables are applied
to their actual values to determine the membership degree (MD) for each rule

premise. In the fuzzification stage, the following points are important:

1.1) In hydrological modeling, there is a single output variable,
whereas there may be many input variables. In general, it is multiple-input-single-
output (MISO) modeling.

1.2) The variability range of each linguistic variable must be
determined linguistically as closed-interval, left-open-interval, right-open-interval,
or open interval from both sides. For instance, the “porosity” linguistic variable
has closed-interval because it is confined between 0 and 1, inclusive; “rainfall”
has right-open interval; “water deficit” should have left-open interval; and

“temperature” has open-interval,

1.3) The number of fuzzy sets for linguistic variable fuzzification

into several categories must be determined.
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1.4) The shapes of fuzzy sets in the form of MFs must be
determined and it is advised here to depend on triangular and trapezium MFs

initially for model establishment.

1.5) In any fuzzification procedure of any linguistic variable, the
most right and left side MFs must reach to MDs equal to 1; and if the linguistic

variable has open-interval, then end MFs must take the form of trapezium.

2) Inference: The MD for the premise of each rule is computed
and applied to the conclusion part of each rule. This results in one fuzzy subset
to be assigned to each output variable for each rule. According to either
“minimum?”, “ANDing,” or “product” conjunctives, the output MF is clipped off
at a height corresponding to the rule premise’s computed MD. In the “product”

inference, the rule premise’s computed MD scales the output MF.

3) Composition: All the fuzzy subsets assigned to each output
variable are combined together to form a single fuzzy subset for each output
variable. Again, usually “maximum” or “summation” is used. In “maximum”
composition, the combined output fuzzy subset is constructed by taking the
pointwise maximum over all the fuzzy subsets assigned to a variable by the
inference rule, which corresponds to FL “ORing.” In “summation” composition,
the combined output fuzzy subset is constructed by taking the pointwise sum

over all the fuzzy subsets assigned to the output variable by the inference rule.

4) Defuzzification: The defuzzification is the reverse process of
fuzzification. It converts the confidences in a fuzzy set of word descriptors into a
real number. There are many defuzzification available for fuzzy control such as
arithmetic average, weighted average, center of gravity, smallest of maxima,

largest of maxima, mean of the range of maxima and local mean of maxima.

There are Fuzzy Inference Systems (FIS ) model that used in the
fuzzy inference engine such Mamdani (1974) FIS, Sugeno FIS, Tsukumoto FiS and
Sen FIS. Thus, this study applied Sugeno FIS according to the Adaptive Neuro-
Fuzzy Inference Systems (ANFIS).
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Linguistic Variables Rule Base Composition
EK Rule 1
| Input> . o o ‘Ru.le‘Z w |;Output.>
EE Rule n
Fuzzification Inference Defuzzification

Figure D.10 General FIS structure

Fuzzy Rule
Base

Input in ‘X’ Outputin 'Y
&p Fuzzifier Defuzzifier &p

Fuzzy Inference

Fuzzy Sets Engine (FIS) Fu:lszyr' %ets
in ‘X’ in‘}

Figure D.11 General fuzzy system

D.2.1.2.2 Sugeno FIS

This model is also known as Takagi-Sugeno-Kang (TSK) FIS
according to its proposers’ initials (Sugeno, 1985; Takagi and Sugeno, 1985.
They devised a systematic approach for generating fuzzy rules from a given set
of input-output data. The rule base generated by considering only the
antecedent parts of the rules remains the same but the difference comes in
attaching consequent parts, which are no longer in the form of fuzzy sets but
simple linear mathematical functions. In a two-input (“X” and “Y”) and single-

output (“Z”) domain, a typical rule takes the following form:
R: “IF X is ‘small”’ AND Y is ‘large’ THEN Z = (X, Y)”

where f(X, Y) is a crisp function that constitutes the consequent
part of the fuzzy rule. Usually, it has a linear form in terms of input variables X

and Y. Its representative form can be obtained from a given set of data, or it
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can also be any function as long as it can appropriately describe the output of
the model within the fuzzy region specified by the antecedent part of the rule
base. In practical works, two alternatives of f(X, Y) are used. One alternative

has a constant (c) consequent part as
R: “IF X is ‘small” AND Y is ‘large’ THEN Z =¢”

which is also referred to as a zero-order TSK or Sugeno FIS. The
other alternative has a linear consequent part known as a first-order Sugeno
FIS:

R: “IF X is ‘small” AND Y is ‘large THEN Z =c + aX + bY.”

If there are more than two variables, then the consequent part
of each rule base appears similar to a linear multiple regression expression.
This alternative is similar to a linear interpolation procedure, the only
difference being that the interpolated point has some MD depending on the
aggregation of the input variables through the fuzzy word MFs in the
antecedent part of the rules. The zero-order Sugeno FIS yields a smooth
function of its input variables as long as the neighboring MFs have enough
overlap. Even in the Mamdani FIS, the smoothness of the output can be
obtained through the overlapping of MFs in the antecedent part, whereas the
consequent part does not play any role in such a smoothing procedure. It is
therefore possible to adjust the smoothness of the final functional form by
playing with the antecedent part MFs either through “trial and error” or by a
“systematic” approach such as adaptive-network-based FIS (ANFIS), which
includes neural networks or genetic algorithms (Sen, 2004a, b). On the other
hand, the Sugeno FIS structure can be presented as in Figure D-12 where the
output appears in the form of a weighted average as:

~ n f
7 = Zl=1 wifi — 1le=1 aifi (8)

noo
i=1 Wi
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| IfXis'A) Then Y isf,

!

| IfXis'Ay Then Y isf,

W

| IfXis’Ay Then Yisfy [~

Input LA Output )

| IfXis‘A, Then Yisf,

Figure D.12 Sugeno FIS structure
D.2.1.2 Adaptive Neuro-Fuzzy Inference Systems (ANFIS)
D.2.1.2.1 ANFIS Architecture

The adaptive-network-based FIS (ANFIS) model was proposed by
Jang (1992) and applied successfully to many problems. ANFIS identifies a set
of parameters through a hybrid learning rule that combines back-propagation
gradient descent and a least squares method. It can be used as a basis for

”»

constructing a set of fuzzy “IF . .. THEN . . . 7 rules with appropriate MFs to

generate the preliminary stipulated input-output pairs.

ANFIS applications and properties were investigated and several
methods were proposed for partitioning the input space and hence address the
structure identification problem. Fundamentally, ANFIS is a graphical network
representation of Sugeno-type fuzzy systems, endowed with neural learning
capabilities. The network is comprised of nodes with specific functions and

waves, and are collected in layers with specific functions.

To illustrate ANFIS’s representational strength, the neural fuzzy
control system is considered based on the Sugeno fuzzy rules whose
consequent parts are linear combinations of their preconditions. The Sugeno

fuzzy rules are in the following forms:

RI:IF x;is AL AND x, is AL AND ........AND x,, is A}
THEN f; = aé + a{xl + aéxz + -+ aflxn

where xjs (i = 1, 2, ..., n) are input variables, y is the output variable,

A{ are linguistic words of the antecedent part with MFs
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,LlAj(Xl'), ,(j=1,2,...,n),and A{ € R are coefficients of
i
linear equations f;(xq, X2 .. Xn).
Assume that the fuzzy control system under consideration has

two inputs x; and x,, one output, and that the rule base contains two Sugeno

fuzzy rules as follows (Figure D.13a):

e T P
X X, A

X : X y'o Jufi +if
/f' M1+ M2
p _______ ]r__pl_______ wp fy=ajg+ajx; +a3x, = Wfy + 1fy
X K] X9 Xz
(a)
X X
Al l‘l.-\1] (xl) _ l l
~ e N TN -
X —— AN AL K
\_/ - \ / .
A2 \"\I / I/' 5 ™ e
A N
."l I\.I _
—~ 1 ~/ = o
\ . N -
Xy ——= ” Ha
\__/ - ) NS NPT
Az ":{ ) r T
Has X X Xy
Layer 1 Laver 2 Layer 3 Layer4 Layer5 Layer 6

(b)

Figure D.13 Structure of ANFIS: (a) FIS and (b) ANFIS (Sen, 2010 : p.222)

The fuzzification is inferred through weighted averaging in Eq. (8),

where wj’s are the firing strengths of Rj, (j = 1, 2) and are given by:

wj = .uA11 (xl) + :LLAJ2 (x2) ) j:]_’ 2. (8)

If “product” inference is used, then the corresponding ANFIS
architecture is shown in Figure D-13, where functions in the same layers are of
the type described below. This is an artificial neural network architecture where

the following meanings can be attached to each layer:
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1) Layer 1: Every node in this layer is an input node that just
passes external signals to the next layer.

2) Layer 2: Every node in this layer acts as an MF, p,;(x;), and
its output specifies the degree to which the given X; satisfies the quantifier A/.
Generally, p,j(x;) is selected as bell-shaped with a maximum

equal to 1 and minimum equal to 0, such as (Figure D-9):

1
i(x;) = G 9)
Hyy () 1+{[ei-my/a] o)
or
b}
xi—#{
w,i(x;) = exp _l(_"" ) ] (10)

Where [m], o] ,b!] is the parameter set to be tuned. In fact,
continuous and piecewise differentiable functions, such as commonly used
triangular or trapezoidal MFs, are also qualified candidates for node functions in

this layer. Parameters in this layer are referred to as precondition parameters.

3) Layer 3: Every node in this layer is labeled I, and multiplies

the incoming signals u; = pj (x1) + Ky (x,) and sends out the product. Each
1 2

node output represents the firing strength of a rule.

4) Layer 4: Every node in this layer is labeled N and calculates
the normalized firing strength of a rule. That is, the j-th node calculates the

ratio of the j-th rule’s firing strength of all the rules’ firing strengths as:
@ = pj/ (g (x0) + () (r2)) (11)

5) Layer 5: Every node j in this layer calculates the weighted

consequent value as:

Ej(aé + a{x1 + aéxz) (12)
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where @; j is the output of layer 4 and {al,alxy, alx,} is the set

to be tuned. Parameters in this layer are referred to as consequent parameters.

6) Layer 6: The only node in this layer is labeled 2, and it sums
all incoming signals to obtain the final inferred result for the whole system (Lin

and Lee, 1996).

D.2.1.2.2 Hybrid learning algorithm

From the ANFIS architecture shown in Figure D-13 (b), we observe that
when the values of the premise parameters are fixed, the overall output can be
expressed as a linear combination of the consequent parameters. In symbols, the

output fin Figure D.13 (b) can be rewritten as

W W
f =g M= (13)
= wi(p1x + 1y +11) + W (P2x + @2y + 12) (14)

= w1x)p1 + W1y)qr + (W + (Wax)p, + (Wry)q;, +
(W2)r, (15)

Which is linear in the consequent parameters py, qy, 1, P2, do, and r..

From this observation, we have
S= set of total parameters,
S,=set of premise(nonlinear) parameters,

S,=set of consequent (linear) parameters

D.2.2 State variable of the decision process

The state variables of the decision of release are the antecedent effective
storage, inflow, side flow of the middle Nan River Basin, rainfall at the downstream
and irrigation water demand. The output variable is the release of Sirikit Dam. The
propose of release decision will be responding to reduce water deficit and spillage of
dam. While these variables depend on the uncertainty condition and error recorded

data that is difficult to identify the exactly values. From this reason, the membership
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function (MF) will be represented the uncertainty variables. The characteristics of

membership functions follow as:

1)

2)
3)

4)

5)

Membership function of the antecedent effective storage show as Figure
D.14.

Membership function of the inflow show as Figure D.15.

Membership function of the side flow of middle Nan River Basin show as
Figure D.16.

Membership function of the rainfall at the lower Nan River Basin show
as Figure D.17.

Membership function of the irrigation water demand show as Figure

D.18.
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Figure D.14 Membership function of the antecedent effective storage
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Figure D.15 Membership function of the inflow
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Figure D.16 Membership function of the side flow of middle Nan River Basin
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Figure D.18 Membership function of the irrigation water demand
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D.2.3 Adaptive neuro fuzzy inference system (ANFIS) dam operation

system component

The ANFIS dam operation system composes the dynamic system
simulation and adaptive neuro fuzzy inference system to decide releasing water
from reservoir under the uncertainty condition. This model includes 5 parts

follow as:

1) Input variables include the initial storage (Sti), the inflow (It),
sideflow (SF), rainfall at downstream basin (Rt) and water demand (Wdt) (see
detail in D.2.2)

2)Reservoir water balance model which adopts the water storage
concept. This process will receive the input variables and water release

decision making module.

3)ANFIS water release decision making model includes the
fuzzification, the inference and the defuzzification. The fuzzification uses the
membership function to represent the uncertainty of input variables by
applying rule base (IF-THEN). The inference is the decision making logic to
decide release from reservoir. While the defuzzification is to transform the

uncertainty amount to the values, and then send the values to part 2).

4)Water demand decision making process which uses the tree
probability classification to determine the crop cultivation area depends on the
storage state at the end of season. The output will be sent to part 2). The

detail of water demand decision making module shows in D.1.6.

5)Water network balance model which calculates the water
deficit by receiving the release values from part 3) and the water demand from
part 4), respectively. The detail of water network balance model shows in

Appendix F.

This model is calibrated by selecting the shape of membership
function and a number of membership function (MF) for specific model
architecture. Five input variables and output variables are considered in ANFIS

toolbox.
D.2.4 ANFIS dam operation rule generation processes

1) Collect the reservoir operation data of Sirikit Dam in year 1979

- 2012 e.g. inflow, release and storage.
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2) Estimate the existing water demand from the historical
cultivated area, water consumption of plant coefficient, crop pattern and some
meteorological data for calculating the evapotranspiration such as maximum
and minimum temperature and relative humidity etc. Thus, the water demand
which is the state variable would be focused on the Phitsanulok Irrigation

Project.

3) Create the probability of antecedent effective storage and
determine the water season, and then set up the water season in wet and dry
season. The water seasons were defined according to the seasonality of
weather in Thailand such as the rainy season or south-west monsoon season
(May to October) as wet water season and dry season or north-east monsoon
season (November to April) as dry water season. On the other hand, the water

season also depends on the cultivation season of the farmers in Thailand.

4) Classify the state variables for training the ANFIS release
functions included input and output variables by using probability decision tree
method, and then classified to be high, normal, dry and very dry water season.
The wet season start from Apr 30 and dry season start from Oct 31. The input

and output variables follow as:

Input variables : antecedent effective storage, inflow, rainfall at

downstream basin and water demand
Output variable : release

However the state variables were classified into the water
season and seasonality of weather, the classification of state variables can be

incorporated to 8 ANFIS rules such as:

High water season in wet season

High water season in dry season

Normal water season in wet season

Normal water season in dry season

Dry water season in wet season

Dry water season in dry season

Very dry water season in wet season

Very dry water season in dry season
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5) Prepare the state variables files and load data into the ANFIS
toolbox in the MATLAB program.

6) Generate ANFIS according to the ANFIS theory by using ANFIS
toolbox in the MATLAB program follows as:

6.1) Generate FIS by following the steps as:
- Select the grid partition as the generating FIS method.

- For the input variables, assign the number of
membership function (MFs) to each input variable, and

then select the trapezoidal MF type.
- For the output variable, select the linear MF type.
6.2) Select the hybrid optimization method.
6.3) FIS properties :
- For And method, select “prod”.
- For Or method, select “probor”.

- For the defuzzification, select the weighted average
method.

- For FIS type, select “Sugeno FIS”.
6.4) For the fuzzy rule base, select connection as “and”.

7) Evaluate the ANFIS release functions by incorporating this
ANFIS release functions into reservoir operation model, and then verify the
release results by the goodness of fit test indices such as the correlation (R2),
the root mean square error (RMSE) and the standard error. The ANFIS release

functions will call as the existing reservoir operation rule.

The trial-and-error approaches are used to identify the optimal
model structure. Three shapes of membership function and the 18 number of
membership function (MF) was compared to select the suitable shapes of
membership function show as Table D-6. The calibration results are shown in
Table D-7.



Table D.6 The goodness of fit test of membership shape selection
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Numbers Triangle Trapizoidal Gbell

of MF R’ RMSE | SE R’ RMSE | SE R’ RMSE SE
33333 | 024 | 354 | 256 | 0.1 as0 | 292 | 039 324 230
34333 | 045 260 | 217 | o021 381 | 261 | 025 345 253
35333 | 001 507 | 292 | o001 507 | 292 | 0.01 489 292
43333 | 024 | 342 | 256 | 0.6 399 | 269 | 0.01 488 292
44333 | 046 259 | 215 | 0002 | 495 | 293 | o001 488 291
45333 | 023 372 | 257 | 029 345 | 246 | 001 503 291
53333 | 0.18 381 | 266 | 002 509 | 291 | 0.02 522 290
54333 | 044 | 273 | 220 | 0.01 503 | 291 | 0.001 491 293
43433 | 002 436 | 291 | 0.02 423 | 282 | 0.18 369 266
43533 | 0001 | 465 | 293 | 0.001 474 | 284 | 0.004 482 293
44433 | 021 335 | 260 | 0.18 367 | 265 | 037 300 232
44533 | 031 296 | 243 | o011 ao4 | 257 | 035 305 237
34,533 | 048 | 256 | 212 | 0.16 381 | 268 | 0.007 478 292
34433 | 042 265 | 223 0 483 | 293 | 0.004 476 293
45433 | 036 311 | 234 | 003 aq2 | 289 | 0.001 500 293
33433 | 037 293 | 233 | 00003 | 470 | 293 | 0.007 484 292
33533 | 0.35 294 | 237 | 025 365 | 254 | 029 347 247
54433 | 034 306 | 238 | 002 510 | 290 | 031 328 243




Table D.7 The goodness of fit test of membership function for model calibration

Numbers 2 Numbers 2
of ME R RMSE SE of ME R RMSE SE

3,3,3,3,3 0.24 354 256 34,445 0.24 313 248
3,3,3,3,4 0.01 476 283 34,453 0.49 249 209
3,3,3,3,5 0.003 465 284 3,4,4,54 0.31 312 226
3,3,3,4,3 0.18 370 266 3,4,533 0.16 381 268
3,3,3,4,4 0.33 328 240 3,4,5,3,4 0.23 306 241
3,3,3,4,5 0.0005 449 284 3,4,5,3,5 0.17 370 268
3,3,35,3 0.01 423 283 3,4,5,43 0.31 297 243
3,3,3,5,4 0.002 464 284 3,4,5,4,4 0.3 294 228
3,3,3,5,5 0.21 358 252 34,554 0.71 105 103
3,3,4,3,3 0.37 293 233 3,4.5,5,3 0.89 80 79.6
3,3,4,3,4 | 0.0002 441 272 35,334 0.01 486 292
3,3,4,3,5 0.004 443 272 3,5,3,3,5 0.17 369 266
3,3,4,4,3 0.28 330 249 3,5,3,4,3 0.56 165 155
33,444 0.34 314 239 3,5,3,5,3 0.42 271 223
3,3,4,4,5 0.29 336 246 3,5,433 0.0003 461 293
3,3,4,53 0.36 289 234 3,5,4,3,4 0.0008 466 293
3,3,4,5,4 0.0003 449 283 3,5,443 0.39 286 229
3,3,4,5,5 0.0002 455 283 SroRopEs) £) 0.48 261 211
3,3,5,3,3 0.35 294 237 4,3,3,3,4 0.01 496 292
3,3,5,3,4 0.24 3438 255 4%333(3;5 0.2 370 262
3,3,5,3,5 0.16 362 250 4,3,3,4,3 0.28 338 250
3,3,5,4,3 0.29 312 230 43,344 0.29 338 247
3,3,54,4 0.26 331 238 43,353 0.26 341 253
3,3,5,4,5 0.1 410 278 43,354 0.01 490 292
3,3,5,5,3 0.28 320 248 4,3,4,3,3 0.35 323 236
33,554 0.23 353 257 43,434 0 482 293
3,4,3,3,3 0.21 381 261 4,3,4,35 0.26 329 252
3,4,3,3,4 0.4 279 227 4,3,443 0.31 323 244
3,4,3,3,5 0.01 480 291 4,3,453 0.35 308 237
3,4,3,43 0.45 267 217 4,3,5,3,4 0.001 467 293
3,4,3,4,4 0.38 287 214 4,3,5,3,5 0.09 400 280
3,4,3,4,5 0.36 301 235 44334 0.01 488 292
34,353 0 428 272 4,4,33,5 0.003 ar79 293
34,354 0.35 291 219 4,4,3.4,3 0.45 269 218
34,434 0.36 302 235 44,344 | 0.00001 as7 293
3,4,435 0.27 304 244 4,435,3 0.44 268 219
34,443 0.46 258 216 4,5,33,4 0.01 a87 292
34,444 0.25 335 255 4,5,3,4,3 0.29 339 247

328
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D.2.5 Modified ANFIS dam operation development

The objective of this adaptive reservoir operation development
is to reduce the water deficit and spillage. In the modified ANFIS* reservoir
operation development composes 2 processes such as 1) modify the general
dam operation and 2) modify the ANFIS dam operation. The modified general
dam operation is to improve the release rules to minimize the water deficit and
spillage. Consequently, the modified ANFIS* dam operation will be used the
output of adjusting general dam operation as input variable for improving the
efficiency of ANFIS* dam operation. The modified ANFIS reservoir operation will
be call as “ANFIS*”. Thus, the release - antecedent effective storage ratio of
general dam operation will be optimized for the appropriate release. The
adjusted release - antecedent effective storage ratio of Sirikit Dam and
Bhumibol Dam show as Table D-8 and D-9. The suitable increasing percentage
was considered at the minimum water deficit, minimum spillage of reservoir,
minimum number of shortage year and minimum continue shortage. However
this study will focus to modify ANFIS release rules for Sirikit Dam only. Finally,
the modified ANFIS dam operation model will be calibrated by selecting a

number of membership function (MF).

1) Modify the general dam operation rule by adjusting the
release — antecedent effective storage ratio to minimize the water deficit and

spillage.

1.1) Increase the percentage of release-storage ratio in both
wet and dry season to minimize amount of water deficit and number of water
shortage years and compare the change in average monthly water deficit in

each water season and monthly type.

1.2) Increase the percentage of release-storage ratio in dry
season to minimize water spillage of reservoir and compare the change in

average monthly water spillage in each water season and monthly level type.
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1.3) The optimum point of release-storage ratio is found at
the minimum water deficit and number of water shortage years for the water
shortage events and on the other hand, the optimum point of release-storage

ratio is found at the minimum water spillage.

2) Classify the results of adjusted general dam operation as the
input and output variables based on the probability of the antecedent effective

storage in wet and dry season.
3) Generate the ANFIS* water release decision making module.

4) Calibrate and verify the ANFIS* water release decision making
module by adjusting the number of membership functions to increase the
correlation and comparing with the actual dam operation. The correlation of
the ANFIS* water release decision making rule show as Table D-10. (year 1987 -

1996 for model calibration and year 1997 — 2011 for model verification)

5) Validate is the final checking step before applying this model.
The recorded data in year 1987 - 2011 will be used to compare the results

with the actual dam operation.

6) Apply the reservoir operation model to assess the impact of

climate change on the water deficit, the spillage and the flood conditions.

7) Evaluate the performance of adjusted ANFIS reservoir

operation by comparing the results between the actual dam operation.
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Table D.8 The adjusted release — antecedent effective storage ratio of Sirikit Dam

Releasing ratio (month ™)

Rule Water | Monthly

season level May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
General High higher 0.21 0.24 0.08 0.17 0.21 0.11 0.06 0.06 0.08 0.13 0.17 0.20
high 0.21 0.24 0.08 0.17 0.21 0.04 0.08 0.10 0.10 0.13 0.17 0.20

medium 0.21 0.24 0.08 0.17 0.05 0.06 0.12 0.07 0.10 0.14 0.19 0.20

low 0.15 0.15 0.16 0.17 0.09 0.06 0.12 0.07 0.10 0.21 0.25 0.24

lower 0.34 0.26 0.22 0.20 0.09 0.06 0.12 0.07 0.10 0.21 0.25 0.30

Normal | higher 0.23 0.17 0.15 0.25 0.09 0.07 0.07 0.09 0.12 0.15 0.19 0.26
high 0.23 0.17 0.15 0.25 0.09 0.05 0.05 0.07 0.11 0.15 0.19 0.26

medium 0.23 0.17 0.15 0.13 0.08 0.07 0.13 0.10 0.14 0.18 0.24 0.26

low 0.30 0.21 0.28 0.26 0.14 0.13 0.25 0.19 0.09 0.20 0.32 0.34

lower 0.33 0.29 0.33 0.49 0.11 0.13 0.25 0.19 0.15 0.14 0.24 0.40

Dry higher 0.26 0.12 0.16 0.15 0.06 0.00 0.03 0.06 0.10 0.16 0.18 0.19
high 0.26 0.12 0.16 0.15 0.06 0.05 0.04 0.05 0.07 0.10 0.18 0.19

medium 0.26 0.12 0.16 0.15 0.13 0.11 0.18 0.06 0.13 0.25 0.31 0.22

low 0.26 0.38 0.32 0.50 0.19 0.11 0.18 0.19 0.20 0.32 0.31 0.25

lower 0.58 0.46 0.70 0.60 0.19 0.11 0.18 0.19 0.20 0.32 0.50 0.40

Very higher 0.44 0.24 0.15 0.07 0.06 0.03 0.07 0.05 0.06 0.11 0.16 0.17
high 0.44 0.24 0.15 0.07 0.06 0.07 0.04 0.05 0.08 0.11 0.16 0.17

medium 0.44 0.24 0.15 0.07 0.09 0.03 0.11 0.09 0.10 0.18 0.30 0.27

low 0.44 0.24 0.15 0.07 0.05 0.03 0.11 0.09 0.10 0.18 0.30 0.50

lower 0.42 0.35 0.80 0.06 0.05 0.03 0.11 0.09 0.10 0.18 0.30 0.50

Modified | High higher 0.21 0.24 0.08 0.17 0.21 0.11 | 0.09* | 0.07* 0.08 0.13 0.17 0.2
general high 0.21 0.24 0.08 0.17 0.21 | 0.04* 0.08 0.1 0.1 | 0.14* | 0.19% 0.2
medium | 0.23* | 0.26* | 0.09* | 0.19* | 0.05* | 0.07* 0.12 0.07 0.1 | 0.15% 0.19 | 0.22*

low 0.16* | 0.16* | 0.17* | 0.19% 0.09 0.06 0.12 0.07 0.1 0.21 0.25 0.24

lower 0.34 0.26 0.22 0.2 0.09 0.06 0.12 0.07 0.1 0.21 0.25 0.3

Normal | higher 0.23 0.17 0.15 0.25 0.09 | 0.08* | 0.08* 0.1* 0.12 0.15 0.19 0.26
high 0.23 0.17 0.15 0.25 0.1* | 0.05* | 0.05* | 0.08* | 0.12* | 0.16* | 0.21* 0.26

medium | 0.25% 0.17 0.15 | 0.14* | 0.09* | 0.08* 0.13 | 0.11* | 0.15* 0.2* | 0.26* | 0.28*

low 0.33* | 0.23* | 0.31* | 0.28* | 0.15% 0.13 0.25 0.19 0.09 0.2 0.32 0.34

lower 0.36* | 0.32* | 0.36* | 0.53* 0.11 0.13 0.25 0.19 0.15 0.14 0.24 0.4

Dry higher 0.26 0.12 0.16 0.15 0.06 0.00 0.03 0.06 0.1 0.16 0.18 0.19
high 0.26 0.12 0.16 0.15 0.06 | 0.05* | 0.04* | 0.05* 0.07 | 0.11* 0.2* 0.19

medium 0.26 0.12 0.16 | 0.16* | 0.14* 0.11 0.18 | 0.07* | 0.14* | 0.27* | 0.34* | 0.24*

low 0.28* | 0.41* | 0.35* | 0.55* 0.19 0.11 0.18 0.19 0.2 0.32 0.31 0.25

lower 0.58 0.46 0.7 0.6 0.19 0.11 0.18 0.19 0.2 0.32 0.5 0.4

Very higher 0.44 0.24 0.15 0.07 0.06 0.03 0.07 0.05 0.06 0.11 0.16 0.17
high 0.44 0.24 0.15 0.07 0.06 0.07 0.04 0.05 0.08 0.11 0.16 0.17

medium 0.44 0.24 0.15 0.07 0.09 0.03 0.11 0.09 0.1 0.18 0.3 0.27

low 0.44 0.24 0.15 0.07 0.05 0.03 0.11 0.09 0.1 0.18 0.3 0.5

lower 0.42 0.35 0.8 0.06 0.05 0.03 0.11 0.09 0.1 0.18 0.3 0.5

Remark : * is the adjusted value.
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Table D.9 The adjusted release — antecedent effective storage ratio of Bhumibol Dam

Releasing ratio (month™)

Rule Water Monthly
season level May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
General High higher 0.12 0.10 0.17 0.05 0.02 0.07 0.07 0.09 0.13 0.10 0.13 0.12
high 0.12 0.10 0.17 0.05 0.02 0.01 0.03 0.06 0.09 0.13 0.13 0.12
medium 0.12 0.10 0.17 0.05 0.02 0.05 0.06 0.06 0.08 0.12 0.16 0.13
low 0.12 0.10 0.08 0.09 0.05 0.03 0.06 0.06 0.08 0.12 0.21 0.17
lower 0.12 0.16 0.16 0.12 0.07 0.05 0.06 0.06 0.08 0.12 0.21 0.30
Normal higher 0.14 0.09 0.11 0.09 0.12 0.12 0.00 0.04 0.05 0.09 0.13 0.13
high 0.14 0.09 0.02 0.10 0.04 0.04 0.06 0.09 0.10 0.12 0.18 0.13
medium 0.14 0.09 0.11 0.09 0.05 0.03 0.07 0.05 0.12 0.17 0.21 0.20
low 0.18 0.13 0.12 0.15 0.08 0.06 0.07 0.05 0.12 0.17 0.26 0.25
lower 0.26 0.19 0.24 0.25 0.14 0.16 0.07 0.05 0.12 0.17 0.26 0.33
Dry higher 0.23 0.03 0.05 0.01 0.01 0.01 0.09 0.01 0.04 0.11 0.16 0.14
high 0.23 0.03 0.05 0.01 0.01 0.01 0.09 0.07 0.06 0.11 0.21 0.14
medium 0.23 0.03 0.05 0.01 0.03 0.03 0.07 0.20 0.14 0.18 0.25 0.31
low 0.44 0.32 0.25 0.15 0.05 0.17 0.07 0.20 0.14 0.18 0.25 0.35
lower 0.44 0.53 0.76 0.49 0.26 0.17 0.07 0.20 0.14 0.18 0.25 0.35
Very Dry | higher 0.34 0.07 0.06 0.05 0.02 0.02 0.15 0.12 0.15 0.17 0.29 0.35
high 0.34 0.07 0.06 0.05 0.08 0.02 0.15 0.10 0.15 0.17 0.29 0.35
medium 0.34 | 0.07 | 0.06 | 0.05 | 0.08 | 0.02 | 0.21 0.10 | 0.15 | 0.21 0.29 | 0.35
low 0.34 | 0.07 | 040 | 0.05 | 0.08 | 0.02 | 0.21 0.10 | 0.15 | 0.21 0.29 | 0.30
lower 0.10 | 0.28 | 0.40 | 057 | 0.08 | 0.02 | 0.21 0.10 | 0.15 | 0.21 0.29 | 0.30
Modified | High higher 0.12 0.1 0.17 | 0.05 | 0.02 | 0.07 | 0.07 | 0.09 | 0.13 0.1 0.13 | 0.12
general high 0.12 0.1 0.17 | 0.05 | 0.02 | 0.01 | 0.04* | 0.07* | 0.09 | 0.13 | 0.13 | 0.12
medium 0.12 0.1 0.17 | 0.05| 0.02 | 0.05| 006 | 006 | 008 | 012 | 0.18* | 0.15*
low 0.13* | 0.11* | 0.08 | 0.07* | 0.05 | 0.03* | 0.06 | 0.06 | 0.08 | 0.12 | 0.21 | 0.19%
lower 0.12 | 0.16 | 0.18* | 0.13* | 0.07 | 0.05 | 0.06 | 0.06 | 0.08 | 0.12 | 0.21 0.3
Normal higher 0.14 | 0.09 | 0.11 0.09 | 0.12 | 0.12 0* | 004 | 005| 009 | 013 | 013
high 0.14 | 0.09 | 0.02 0.1 0.04 | 0.04 0.1* 0.1* 0.1 | 0.15* | 0.18 0.2*
medium | 0.19* | 0.11* | 0.12* | 0.11* | 0.05* | 0.03* | 0.07 | 0.07* | 0.12 | 0.17 | 021 0.2
low 0.19* | 0.14* | 0.15* | 0.18* | 0.08 | 0.06 | 0.07 | 0.05 | 0.12 | 0.17 | 0.26 | 0.27*
lower 0.26 | 0.21* 0.24 | 0.29* | 0.14* 0.16 0.07 0.05 0.12 0.17 0.26 0.33
Dry higher 0.23 0.03 0.05 0.01 0.01 0.01 0.09 0.01 0.04 0.11 0.16 0.14
high 0.23 0.03 0.05 0.01 0.01 0.01 | 0.12* | 0.08* | 0.07* 0.11 0.21 0.14
medium 0.26* 0.03 0.05 0.01 0.03 0.03 0.07 0.2 0.14 0.18 0.25 | 0.41*
low 0.44 0.32 | 0.32* | 0.17* 0.05 0.17 0.07 0.2 0.14 0.18 0.25 0.35
lower 0.44 0.53 0.76 0.49 0.26 0.17 0.07 0.2 0.14 0.18 0.25 0.35
Very Dry | higher 0.34 0.07 0.06 0.05 0.02 0.02 0.15 0.12 0.15 0.17 0.29 0.35
high 0.34 0.07 0.06 0.05 0.08 0.02 | 0.22* 0.1 0.15 0.17 0.29 0.35
medium 0.34 0.07 0.06 0.05 0.08 0.02 | 0.32* | 0.13* 0.15 0.21 | 0.34% 0.35
low 0.34 0.07 0.4 0.05 0.08 0.02 0.21 0.1 0.15 0.21 0.29 0.3
lower 0.1 0.28 0.4 0.57 0.08 0.02 0.21 0.1 0.15 0.21 0.29 0.3

Remark : * is the adjusted value.
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Table D.10 The correlation of the ANFIS* water release decision making rule for Sirikit

Dam

Numbers | Calibration (1987 - 1996) | Verification (1997 - 2011) | Validation (1987 - 2011)

of MF R’ RMSE | SE R’ RMSE | SE R’ RMSE | SE
3,4,34,3 0.75 75 115 0.32 173 194 0.49 188 172
3,4,3,5,4 0.88 51 79 0.79 88 109 0.84 102 98
3,4,4,4,3 0.85 58 90 0.11 206 222 0.36 214 195
3,4,54,4 0.86 56 87 0.14 199 220 0.39 206 190
3,4,55,3 0.81 65 101 0.3 168 197 0.51 180 171

D.2.6 Evaluation of the efficiency of reservoir operation

Regarding the reservoir operations development processes, the
reservoir operations system was developed based on the formulating of release rule,
the reservoir operation with the water demand decision making module, the ANFIS*
with water demand as a input variable of membership function, the ANFIS* with
lateral flow as a input variable of membership function and the ANFIS* with water
demand and lateral flow as input variables of membership function. Furthermore,
the efficiency of reservoir operation also can be evaluated by comparing the results
of reservoir operation with present GCM input variables. The cases of reservoir
operation system and the condition can be summarized in Table D.11. From the
evaluating results of reservoir operations can be found the effect on the reservoir
operation included the storage and the release, the other effect is the water
shortage of Phitsanulok and Chao Phraya Irrigation Projects. The efficiency of reservoir
operation is evaluated by comparing the operating results with the actual reservoir

operation as follows.

1) Comparison of the reservoir release rule shows the results in
D.2.6.1

2) Comparison of the reservoir operation with the water demand
decision module shows the results in D.2.6.2

3) Comparison of the ANFIS* reservoir operation with actual

reservoir operation shows the results in D.2.6.2
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4) Comparison of the different reservoir operation by using

present GCM hydrological data shows the results in D.2.6.2

Table D.11 The cases of reservoir operation for evaluating the efficiency

Case Reservoir operation Condition
Case 1 Actual release Use all observed input variables
Case 2 General release rule Use all observed input variables except release
Case 3 Flood release rule Use all observed input variables except release
Case 4 ANFIS* release rule Use all observed input variables except release
Case 5 General release rule with water demand Use all observed input variables except release and
ase
module water demand
Case 6 Flood release rule with water demand Use all observed input variables except release and
ase
module water demand
Case 7 ANFIS* release rule with water demand Use all observed input variables except release and
ase
module water demand
Case 8 ANFIS* release rule with water demand as a Use all observed input variables except release and
ase
input variable water demand
Case 9 ANFIS* release rule with lateral flow as a Use all observed input variables except release and
ase
input variable water demand
Case 10 ANFIS* release rule with water demand and Use all observed input variables except release and
ase
lateral flow as the input variables water demand
Case 11 General release rule with water demand Use all present GCM input variables except release and
ase
module with GCM input variables water demand
Case 12 Flood release rule with water demand Use all present GCM input variables except release and
ase
module with GCM input variables water demand
Case 13 ANFIS* release rule with water demand Use all present GCM input variables except release and
ase

module with GCM input variables

water demand

D.2.6.1 Comparison of the reservoir release rule

The reservoir release rule which was the first factor of reservoir

operation considered to compare. The evaluation of this reservoir release rule was to

investigate the efficiency of reservoir operation by using the observed input variables.

The comparison of reservoir release rule with the actual reservoir operation in the

term of storage, release and water deficit were showed as Table D.12 and D.13

respectively.



Table D.12 The comparison of reservoir release rule in the term

of storage and
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release
Variable Case Season/Annual Water season
study High %Diff Normal %Diff Dry %Diff Very dry %Diff
Storage | Casel Wet 7089 5709 5045 3963
Dry 9861 8226 7366 7354
Annual 8475 6968 6206 5659
Case2 Wet 8479 | 19.61 7301 2787 | 6166 | 22.20 7092 78.95
Dry 5726 | -41.93 | 4732 | -4247 | 4429 | -39.88 4741 -35.53
Annual 7103 | -16.19 | 6017 | -13.65 | 5297 | -14.64 5917 4.56
Case 3 Wet 6968 | -1.71 6343 11.09 | 5680 | 1257 6194 56.29
Dry 4312 | -56.27 | 4048 | -50.79 | 3813 | -48.24 3869 -47.39
Annual 5640 | -33.45 | 5195 | -25.44 | 4746 | -23.52 5032 -11.08
Case 4 Wet 8086 | 14.06 7160 2540 | 6055 | 20.01 7057 78.07
Dry 4819 | -51.13 | 3998 | -51.40 | 3956 | -46.30 4705 -36.02
Annual 6452 | -23.86 | 5579 | -19.93 | 5005 | -19.34 5881 3.93
Release | Casel Wet 2986 2312 1603 901
Dry 3574 3002 2130 2121
Annual 6560 5314 3733 3022
Case2 Wet 2892 | -3.16 2541 991 | 1682 | 4.97 998 10.82
Dry 3284 | -8.13 3015 044 | 1919 | -9.92 2147 1.22
Annual 6175 | -5.86 5556 456 | 3602 | -3.52 3145 4.08
Case 3 Wet 2989 | 0.11 2724 17.85 | 1844 | 15.04 2021 124.37
Dry 3718 | 4.04 2985 0.55 | 2396 | 12.46 2708 27.67
Annual 6708 | 2.25 5710 745 | 4240 | 1357 4729 56.49
Case 4 Wet 2445 | -18.13 1976 -14.51 | 1446 | -9.80 934 3.72
Dry 4244 | 1876 3915 3040 | 2587 | 21.42 2449 15.45
Annual 6689 | 197 5891 10.86 | 4032 | 8.02 3383 11.96
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Table D.13 The comparison of reservoir release rule in the term of % water deficit

per demand
Variable Case Season/Annual Water season
study ) ) ) ) .
High | %Diff | Normal %Diff Dry %Diff Very dry %Diff
9%Deficit of | Case 1| \yet 383 1.29 7.67 26.44
Phitsanulok
Dry 3.64 13.01 17.90 21.74
Project
Annual 3.73 7.15 12.79 24.09
Case2 Wet 277 | -1.06 0.70 060 | 558 | -2.09 24.19 2.25
Dry 366 | 0.02 11.37 164 | 1619 | -1.71 22.44 0.70
Annual 3.21 | -0.52 6.03 -1.12 | 1089 | -1.90 23.31 -0.78
Case3 | et 162 | -2.21 2.70 141 | 818 0.51 20.11 6.33
Dry 491 | 127 13.36 034 | 13.90 | -4.00 20.55 -1.19
Annual 3.27 | -0.47 8.03 088 | 11.04 | -1.74 20.33 376
Cased | \et 204 | -1.79 1.65 036 | 570 | -1.97 25.67 0.77
Dry 133 | 231 9.07 395 | 1120 | -6.71 21.98 0.24
Annual 1.68 | -2.05 5.36 1179 | 845 | -434 23.82 -0.27
%Deficit of | Case 1 | et 0.99 321 10.87 0.00
Chao
Dry 3.03 5.90 16.91 62.31
Phraya
Project Annual 2.01 4.55 13.89 31.16
Case2 Wet 061 | -0.37 2.54 067 | 803 | -285 1.02 1.02
Dry 15 T 4.76 2114 | 494 | -11.97 31.38 -30.93
Annual 089 | -1.12 3.65 090 | 649 | -7.41 16.20 -14.96
Case 3 | wet 0.00 | -0.99 5.82 262 | 793 | -294 0.00 0.00
Dry 0.00 | -3.03 1.06 484 | 552 | -11.39 32.18 -30.14
Annual 0.00 | -2.01 3.44 111 | 673 | 717 16.09 -15.07
Case d | et 0.00 | -0.99 3.56 035 | 609 | -4.78 1.42 1.42
Dry 112 | -1.91 3.48 241 | 269 | -14.22 27.36 -34.96
Annual 056 | -1.45 3.52 -1.03 | 439 | -9.50 14.39 -16.77
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D.2.6.2 Comparison of the reservoir operation with the water demand decision

module

Regarding to the efficiency of reservoir operation, the reservoir
operation was developed by adding the water demand decision making module. The
objective of this module is to control the water demand according to the storage of
reservoir and reduce the water deficit. The comparison of reservoir operation with
the water demand decision module in the term of storage, release, water demand

and water deficit was shown in Table D.14 to D.16, respectively.

Table D.14 The comparison of reservoir operation with the water demand decision

module in the term of storage and release

Variable Case Season/Annual Water season
study High | %Diff | Normal | %Diff | Dry | %Diff | Verydry | %Diff
Storage | Case 1 | et 7089 5709 5045 3963
Dry 9861 8226 7366 7354
Annual 8475 6968 6206 5659
Case 5 | wet 8538 | 20.45 7370 2909 | 6194 | 22.77 7110 79.38
Dry 5828 | -40.90 | 4803 | -41.61 | 4459 | -39.46 4749 -35.42
Annual 7183 | -1524 | 6087 | -12.64 | 5327 | -14.17 5930 4.79
Case 6 | wet 6968 | -1.71 6343 11.09 | 5680 | 1257 6194 56.29
Dry 4312 | -56.27 | 4048 | -50.79 | 3813 | -48.24 3869 -47.39
Annual 5640 | -33.45 | 5195 | -25.44 | 4746 | -23.52 5032 -11.08
Case 7 | wet 8403 | 1854 | 7279 2750 | 6145 | 21.79 7021 77.15
Dry 5693 | -42.27 | 4567 | -44.48 | 4296 | -41.68 4576 37.77
Annual 7048 | -16.83 | 5923 | -14.99 | 5221 | -15.88 5799 2.48
Release | Casel | et 2986 2312 1603 901
Dry 3574 3002 2130 2121
Annual 6560 5314 3733 3022
Case 5 | wet 2926 | -2.01 2533 956 | 1684 | 5.09 997 10.71
Dry 3707 | 373 3390 1291 | 2172 | 1.97 2426 14.40
Annual 6633 | 1.12 5922 1145 | 3857 | 3.31 3423 13.30
Case 6 | et 2989 | 0.1 2724 17.85 | 1844 | 15.04 2021 124.37
Dry 3718 | 4.04 2985 055 | 2396 | 12.46 2708 27.67
Annual 6708 | 2.25 5710 7.45 | 4240 | 1357 4729 56.49
Case 7 | wet 2890 | -3.23 2405 4.05 | 1565 | -2.37 997 10.65
Dry 3725 | 4.23 3519 17.23 | 2285 | 7.27 2544 19.95
Annual 6615 | 0.83 5925 1150 | 3850 | 3.13 3541 17.18
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Table D.15 The comparison of reservoir operation with the water demand decision

module in the term of water demand

Variable Case study Season/ Water season
Annual Very
High %Diff Normal %Diff Dry %Diff dry %Diff
Water Case 1 Wet 265 281 284 259
d d of
emand © Dry 555 a8t 397 419
Phitsanulok
Project Annual 819 762 681 678
Case 5 Wet 218 -17.69 231 -17.59 233 -18.09 218 -16.00
Dry 510 -7.94 511 6.31 381 -3.95 446 6.31
Annual 728 -11.09 743 -2.50 614 -9.84 663 -2.21
Case 6 Wet 228 -13.74 227 -19.14 233 -18.09 218 -16.00
Dry a87 -12.22 497 3.36 382 -3.80 439 4.74
Annual 715 -12.71 724 -4.94 615 -9.76 657 -3.18
Case 7 Wet 219 -17.16 232 -17.31 233 -18.09 218 -16.00
Dry 506 -8.78 509 5.79 381 -3.95 446 6.31
Annual 725 -11.48 741 -2.73 614 -9.84 663 -2.21
Water Case 1 Wet 6104 6569 5134 0
demand of
Dry 4135 3999 2731 2547
Chao
Phraya Annual 10239 10568 7865 2547
Project Case 5 Wet 6228 | 204 6568 0.02 | 5361 | 4.42 5150 | #DIV/O!
Dry 5253 27.03 5426 35.70 4628 69.48 3703 45.41
Annual 11481 1215 11994 13.50 9990 27.01 8853 247.62
Case 6 Wet 0 -100.00 6771 3.07 5960 16.07 0 #DIV/0!
Dry 5408 30.77 5328 33.25 5012 83.55 3703 45.41
Annual 5408 -47.19 12099 14.49 10972 39.50 3703 45.41
Case 7 Wet 6405 4.93 6625 0.85 5731 11.61 5345 #DIV/0!
Dry 5057 22.29 5560 39.06 4588 68.00 3703 45.41
Annual 11462 11.94 12185 15.31 10319 31.19 9048 255.27
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Table D.16 The comparison of reservoir operation with the water demand decision

module in the term of water deficit per demand

Variable Case Season/ Water season

tud A L
SHCY nnua High | %Diff | Normal %Diff Dry %Diff Very dry %Diff

9%Deficit of | Case 1 | yyet 3.83 1.29 7.67 26.44
EEZ:ULOK Dry 3.60 13.01 17.90 2174
Annual 373 7.15 12.79 24.09
Case 5 | et 287 | -0.95 3.19 190 | 9.50 1.83 24.50 -1.94
Dry 177 | -187 | 1237 | -064 | 1823 | 033 2252 0.78
Annual 232 | -1.41 778 063 | 1387 | 1.08 2351 -0.58
Case 6 | wet 4.63 | 080 474 345 | 1052 | 2.85 22.00 -4.44
Dry 246 | -1.18 | 14.18 117 | 1627 | -1.63 21.82 0.08
Annual 354 | -0.19 9.46 231 | 1339 | 061 2191 -2.18
Case 7 | et 254 | -1.29 3.16 187 | 977 | 210 24.59 -1.85
Dry 1.06 | -2.58 | 1088 | -2.14 | 1653 | -1.37 20.79 -0.95
Annual 1.80 | -1.93 7.02 20.14 | 1315 | 037 22.69 -1.40
%Deficit of | Casel | et 0.99 321 10.87 0.00
E:‘;:Cihraya Dry 3.03 5.90 16.91 62.31
Annual 2.01 4.55 13.89 31.16
Case 5 | wet 035 | -0.63 277 044 | 693 | -395 1.47 1.47
Dry 061 | -241 7.96 206 | 1236 | -4.55 26.14 -36.17
Annual 048 | -152 537 081 | 9.64 | -4.25 13.80 -17.35
Case 6 | et 0.00 | -0.99 503 183 | 835 | -252 0.00 0.00
Dry 0.00 | -3.03 0.19 571 | 948 | -7.43 26.17 -36.14
Annual 0.00 | -201 261 -1.94 | 892 | -4.98 13.09 -18.07
Case 7 | wet 0.00 | -0.99 245 0.75 | 383 | -7.05 8.84 8.84
Dry 0.75 | -2.28 2.81 309 | 588 | -11.03 21.83 -40.48
Annual 037 | -1.63 2.63 192 | 485 | -9.04 15.34 -15.82

D.2.6.3 Comparison of the ANFIS* reservoir operation with actual reservoir

operation

The objective of this issue is to evaluate the effect of input variables
for the membership function. The comparison of the results of ANFIS* reservoir
operation in the term of storage, release, water demand and water deficit was shown

in Table D.17 to D.19, respectively.



Table D.17 The comparison of ANFIS* reservoir operation with actual reservoir

operation in the term of storage and release
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Variable Case Season/Annual Water season
study High %Diff Normal %Diff Dry %Diff Very dry %Diff
Storage | Case 1 Wet 7089 5709 5045 3963
Dry 9861 8226 7366 7354
Annual 8475 6968 6206 5659
Case 7 Wet 8403 | 1854 7279 2750 | 6145 | 21.79 7021 77.15
Dry 5693 | -42.27 | 4567 | -44.48 | 4296 | -41.68 4576 37.77
Annual 7048 | -16.83 | 5923 | -14.99 | 5221 | -15.88 5799 2.48
Case 8 Wet 8244 | 16.29 7188 2589 | 6095 | 20.79 6933 74.94
Dry 5542 | -43.80 | 4311 | -47.59 | 4124 | -44.02 4371 -40.56
Annual 6893 | -1867 | 5750 | -17.48 | 5109 | -17.67 5652 -0.11
Case 9 Wet 8297 | 17.04 7227 2657 | 6117 | 21.23 6944 75.20
Dry 5604 | -43.17 | 4355 | -47.05 | 4149 | -43.68 4389 -40.31
Annual 6950 | -17.99 | 5791 | -16.89 | 5133 | -17.29 5667 0.14
Case 10| et 8423 | 1883 7318 28.17 | 6167 | 22.24 6959 75.59
Dry 5761 | -4158 | 4438 | -46.05 | 4191 | -43.11 4412 -40.00
Annual 7092 | -1632 | 5878 | -1564 | 5179 | -16.55 5686 0.48
Release | Case 1 Wet 2986 2312 1603 901
Dry 3574 3002 2130 2121
Annual 6560 5314 3733 3022
Case 7 Wet 2890 | -3.23 2405 405 | 1565 | -2.37 997 10.65
Dry 3725 | 4.23 3519 17.23 | 2285 | 7.27 2544 19.95
Annual 6615 | 0.83 5925 1150 | 3850 | 3.13 3541 17.18
Case 8 Wet 2844 | -4.77 2270 -1.80 | 1439 | -10.21 987 9.64
Dry 3725 | 423 3665 2210 | 2409 | 13.05 2696 27.14
Annual 6569 | 0.14 5935 11.70 | 3848 | 3.07 3684 21.92
Case 9 Wet 2841 | -4.87 2274 -1.62 | 1440 | -10.12 988 9.73
Dry 3708 | 3.76 3665 2208 | 2402 | 12.72 2688 26.74
Annual 6549 | -0.17 5939 1177 | 3842 | 292 3676 21.67
Case 10 | et 2825 | -5.38 2258 232 | 1430 | -10.78 990 9.95
Dry 3660 | 2.40 3683 2268 | 2000 | 12.63 2684 26.55
Annual 6485 | -1.14 5941 11.80 | 3829 | 258 3674 21.60




Table D.18 The comparison of ANFIS* reservoir operation with actual reservoir

operation in the term of water demand
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Variable Case Season/Annual Water season
study . ) ) ) .
High %Diff | Normal | %Diff Dry %Diff | Very dry %Diff
Water Case 1 | wet 265 281 284 259
demand of
Dry 555 481 397 419
Phitsanulok
Project Annual 819 762 681 678
Case 7 | et 219 | -17.16 232 41731 | 233 | -18.09 218 -16.00
Dry 506 | -8.78 509 5.79 381 -3.95 446 6.31
Annual 725 | -11.48 741 273 | 614 | -9.84 663 221
Case 8 | wet 219 | -17.16 232 41751 | 233 | -18.09 218 -16.00
Dry 504 | -9.20 509 5.79 381 3.9 446 6.31
Annual 723 | -11.77 740 280 | 614 | -9.87 663 221
Case 9 | et 219 | -17.16 232 41751 | 233 | -18.09 218 -16.00
Dry 504 | -9.20 509 5.79 381 -3.99 446 6.31
Annual 723 | -11.77 740 280 | 614 | -9.87 663 221
Case 10 | wet 219 | -17.16 232 41731 | 233 | -18.09 218 -16.00
Dry 506 | -8.78 509 5.79 381 -3.95 446 6.31
Annual 725 | -11.48 741 273 | 614 | -9.84 663 221
Water Case 1| et 6104 6569 5134 0
demand of
Dry 4135 3999 2731 2547
Chao
Phraya Annual 10239 10568 7865 2547
Project Case 7 | wet 6405 | 4.93 6625 0.85 | 5731 | 11.61 5345 0.00
Dry 5057 | 22.29 5560 39.06 | 4588 | 68.00 3703 45.41
Annual 11462 | 11.94 | 12185 | 1531 | 10319 | 31.19 9048 255.27
Case 8 | et 6743 | 10.47 6578 0.14 | 5891 | 14.73 5345 0.00
Dry 5057 | 22.29 5556 3895 | 4769 | 74.63 3760 47.63
Annual 11800 | 1524 | 12134 | 14.82 | 10659 | 3553 9104 257.49
Case 9 | wet 6286 | 2.97 6591 03¢ | 5832 | 1359 5345 0.00
Dry 5231 | 26.50 5467 3671 | 4769 | 74.63 3760 47.63
Annual 11517 | 1248 | 12058 | 14.10 | 10601 | 34.78 9104 257.49
Case 10 | et 6405 | 4.93 6625 0.85 | 5731 | 11.61 5345 0.00
Dry 5057 | 22.29 5560 39.06 | 4667 | 70.91 3760 47.63
Annual 11462 | 11.94 | 12185 | 1531 | 10398 | 3220 9104 257.49




Table D.19 The comparison of ANFIS* reservoir operation with actual reservoir

operation in the term of water deficit
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Variable Case Season/Annual Water season
study High | %Diff | Normal %Diff Dry %Diff Very dry %Diff
9%Deficit of | Case 1 | \yet 3.83 1.29 7.67 26.44
EEZ:ULOK Dry 3.60 13.01 17.90 2174
Annual 373 7.15 12.79 24.09
Case 7| wet 254 | -1.29 3.16 187 | 9.77 2.10 24.59 -1.85
Dry 106 | -258 | 1088 | -2.14 | 1653 | -1.37 20.79 -0.95
Annual 1.80 | -1.93 7.02 014 | 1315 | 037 22.69 -1.40
Case 8 | wet 226 | -1.57 2.97 1.68 | 10.15 | 248 24.69 -1.75
Dry 047 | -3.17 9.46 356 | 14.99 | -2.91 18.69 -3.05
Annual 137 | -2.37 6.21 2094 | 1257 | -0.21 21.69 -2.40
Case 9 | wet 219 | -1.64 2.90 160 | 1002 | 235 24.56 -1.88
Dry 050 | -3.14 9.31 371 | 1492 | -2.99 18.71 -3.03
Annual 135 | -2.39 6.10 -1.05 | 1247 | -0.32 21.64 -2.45
Case 10 | wet 201 | -1.81 271 141 | 972 2.05 24.22 -2.21
Dry 052 | -3.12 8.81 4420 | 1447 | -343 18.54 -3.20
Annual 127 | -247 5.76 1139 | 1210 | -0.69 21.38 271
9%Deficit of | Case 1| et 0.99 3.21 10.87 0.00
E::ya Dry 3,03 5.90 16.91 6231
Project Annual 201 4.55 13.89 31.16
Case 7| wet 0.00 | -0.99 245 075 | 383 | -7.05 8.84 8.84
Dry 075 | -2.28 281 309 | 588 | -11.03 21.83 -40.48
Annual 037 | -1.63 2.63 -1.92 | 485 | -9.04 15.34 -15.82
Case 8 | wet 0.00 | -0.99 243 078 | 298 | -7.89 933 933
Dry 0.77 | -2.26 1.65 4425 | 816 | -8.75 17.51 -44.80
Annual 038 | -1.62 2.04 252 | 557 | -832 13.42 A17.73
Case 9 | wet 0.09 | -0.90 3.43 023 | 356 | -7.32 9.10 9.10
Dry 0.95 | -2.08 261 329 | 770 | -9.21 17.49 -44.82
Annual 052 | -1.49 3.02 153 | 563 | -8.26 13.30 -17.86
Case 10 | wet 0.04 | -0.94 261 2060 | 272 | -8.15 8.79 8.79
Dry 083 | -2.19 2.87 303 | 645 | -10.46 17.38 -44.94
Annual 044 | -1.57 2.74 -1.81 | 458 | -9.31 13.09 -18.07




343

D.2.6.4 Comparison of the different reservoir operation by using present GCM

hydrological data

The objective of this issue is to compare the results of observed and

GCM hydrological input variables. The comparison of the results of different reservoir

operations in the term of storage, release, water demand and water deficit per

demand was shown in Table D.20 to D.22, respectively.

Table D.20 The comparison of different reservoir operations in the term of storage

and release

Case Season/ Water season
Variable
study Annual High %Diff Normal %Diff Dry %Diff Very dry %Diff
Storage Wet 7089 5709 5045 3963
MEM) | case 1 Dry 9861 8226 7366 7354
Annual 8475 6968 6206 5659
Wet 9202 29.81 7746 3568 | 6024 | 19.41 N.O. N.O.
Case 11 Dry 6109 -38.05 4870 -40.80 | 4425 | -39.93 N.O. N.O.
Annual 7655 -9.68 6308 947 | 5224 | -15.82 N.O. N.O.
Wet N.O. N.O. 6866 2027 | 6537 | 29.57 N.O. N.O.
Case 12 Dry N.O. N.O. 4270 -48.09 | 3953 | -46.33 N.O. N.O.
Annual N.O. N.O. 5568 -20.09 | 5245 | -15.49 N.O. N.O.
Wet N.O. N.O. 8033 40.71 | 7098 | 40.69 5946 50.04
Case 13 Dry 4032 -59.11 3770 -54.17 | 3750 | -49.09 N.O. N.O.
Annual 2016 -76.21 5902 -1530 | 5424 | -12.60 2973 -47.46
Release Wet 2986 2312 1603 901
MEM) | case 1 Dry 3574 3002 2130 2121
Annual 6560 5314 3733 3022
Wet 2580 -13.60 2458 6.31 1675 4.49 N.O. N.O.
Case 11 Dry 3874 8.39 3482 1599 | 2185 2.58 N.O. N.O.
Annual 6454 -1.62 5940 11.78 | 3860 3.40 N.O. N.O.
Wet N.O. N.O. 2889 2496 | 2448 | 5271 N.O. N.O.
Case 12 Dry N.O. N.O. 3815 27.08 | 2833 | 33.00 N.O. N.O.
Annual N.O. N.O. 6704 26.16 | 5282 | 41.49 N.O. N.O.
Wet N.O. N.O. 2461 6.44 1904 | 18.78 767 -14.87
Case 13 Dry 4713 31.87 4533 51.00 | 2994 | 40.56 N.O. N.O.
Annual 4713 -28.16 6994 3161 | 4897 | 31.18 767 -74.62

Remark : N.O. is no occurrence
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Table D.20 The comparison of different reservoir operations in the term of water

demand
Case Season/ Water season
Variable
study Annual High %Diff | Normal %Diff Dry %Diff | Very dry %Diff
Water Wet 265 281 284 259
demand of c .
Phitsanulok | 3¢ Dry 555 481 397 419
Project Annual 819 762 681 678
(MCM) Wet 275 3.77 276 178 | 281 | -1.06 N.O. N.O.
Case 11 | Dry 612 10.27 634 31.81 606 | 52.64 N.O. N.O.
Annual 886 8.18 910 19.42 886 | 30.10 N.O. N.O.
Wet N.O. N.O. 281 0.00 274 | 352 N.O. N.O.
Case 12 | Dry N.O. N.O. 641 33.26 576 | 45.09 N.O. N.O.
Annual N.O. N.O. 923 21.13 849 | 24.67 N.O. N.O.
Wet N.O. N.O. 272 -3.20 216 | -2.82 275 6.18
Case 13 | Dry 689 24.14 635 32.02 610 | 53.65 N.O. N.O.
Annual 689 -15.87 906 18.90 886 | 30.10 275 -59.44
Water Wet 6104 6569 5134 0
demand of | ¢ q Dry 4135 3999 2731 2547
Chao
Annual 10239 10568 7865 2547
Phraya
Project Wet 5578 -8.62 5739 -12.64 | 5575 | 859 N.O. N.O.
(MCM) Case 11 | Dry 4335 4.84 4278 6.98 4600 | 68.44 N.O. N.O.
Annual 9913 -3.18 10017 521 | 10175 | 29.37 N.O. N.O.
Wet N.O. N.O. 5820 -11.40 | 5585 | 878 N.O. N.O.
Case 12 | Dry N.O. N.O. 4087 2.20 4693 | 71.84 N.O. N.O.
Annual N.O. N.O. 9906 6.26 | 10279 | 30.69 N.O. N.O.
Wet N.O. N.O. 5768 1219 | 5350 | 4.21 5993 N.O.
Case 13 | Dry 3431 -17.03 3840 398 | 4448 | 62.87 N.O. N.O.
Annual 3431 -66.49 9608 9.08 | 9798 | 24.58 5993 135.30

Remark : N.O. is no occurrence
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Table D.21 The comparison of different reservoir operations in the term of water

deficit per demand

Case Season/ Water season
Variable
study Annual High %Diff Normal %Diff Dry %Diff Very dry %Diff
9%Deficit of Wet 3.83 1.29 7.67 26.44
Phitsanulok | e ¢ Dry 3.64 13.01 17.9 21.74
Project (%)
Annual 3.73 7.15 12.79 24.09
Wet 8.16 4.33 6.32 503 | 11.62 3.95 N.O. N.O.
Case 11 | Dry 7.18 3.54 14.02 101 | 3258 14.68 N.O. N.O.
Annual 7.67 3.94 10.17 3.02 22.1 9.31 N.O. N.O.
Wet N.O. N.O. 7.23 5.94 8.38 0.71 N.O. N.O.
Case 12 | Dry N.O. N.O. 10.61 240 | 2953 11.63 N.O. N.O.
Annual N.O. N.O. 8.92 1.77 18.96 6.17 N.O. N.O.
Wet N.O. N.O. 4.78 3.49 8.87 1.20 39.51 13.07
Case 13 | Dry 0.62 -3.02 8.05 4496 | 23.01 5.11 N.O. N.O.
Annual 0.31 -3.42 6.41 -0.74 | 1594 3.15 19.75 -4.34
%Deficit of Wet 0.99 3.21 10.87 N.O.
Chao Case 1 Dry 3.03 59 16.91 62.31
Phraya
Project (%) Annual 2.01 4.55 13.89 31.16
Wet 0.44 -0.55 0.65 -2.56 2.15 872 N.O. N.O.
Case 11 | Dry 0.1 293 1.29 -4.61 9.92 -6.99 N.O. N.O.
Annual 0.27 -1.74 0.97 -3.58 6.04 -7.85 N.O. N.O.
Wet N.O. N.O. 2.22 -0.99 3.98 -6.89 N.O. N.O.
Case 12 | Dry N.O. N.O. 0.33 -5.57 5.52 -11.39 N.O. N.O.
Annual N.O. N.O. 1.28 -3.27 475 9.14 N.O. N.O.
Wet N.O. N.O. 0.98 223 0.92 9.95 2.72 N.O.
Case 13 | Dry N.O. N.O. 1.35 -4.55 7.26 -9.65 N.O. N.O.
Annual N.O. N.O. 1.16 339 4.09 -9.80 1.36 -29.80

Remark : N.O. is no occurrence
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Table E.1 Cultivated area in Phisanulok and Great Chao

347

Phraya Irrigation Project

Year Phitsanulok Irrigation Project Great Chao Phraya Irrigation Project
Wet Dry Wet Dry

Major rice Crop- Second Crop- Major rice Crop- Second Crop-

planting vegetable rice vegetable planting vegetable rice vegetable

area (rais) planting planting planting area | area (rais) | planting area planting planting area

area (rais) area (rais) (rais) (rais) area (rais) (rais)

1978 575,527 29,479 501,606 22,499 N/A N/A 2,126,511 17,164
1979 591,007 29,479 230,098 10,321 6,110,011 40,275 3,036,069 24,506
1980 563,643 29,479 465,710 20,889 6,063,196 39,966 1,336,388 10,787
1981 587,390 29,479 507,437 22,760 6,151,816 40,550 3,146,478 25,397
1982 549,750 29,479 430,140 19,293 5,971,661 39,363 3,271,148 26,403
1983 553,170 29,479 440,695 19,767 6,177,543 40,720 3,181,418 25,679
1984 575,690 29,479 455,688 20,439 6,211,338 40,942 3,083,767 24,891
1985 519,358 29,479 153,106 1,819 6,224,301 41,028 2,857,049 23,061
1986 606,274 29,479 122,276 1,216 6,013,172 39,636 2,737,061 22,092
1987 607,829 29,479 134,617 8,469 6,044,620 39,844 2,452,946 19,799
1988 624,574 29,479 173,265 5,871 5,803,036 38,251 2,478,542 20,006
1989 631,993 29,479 366,479 27,284 6,049,469 39,875 2,747,306 22,175
1990 583,256 29,479 320,000 19,873 5,825,102 38,397 2,913,505 23,517
1991 609,045 29,479 234,473 21,533 5,623,723 37,069 1,761,507 14,218
1992 510,925 29,479 436,693 13,019 5,619,457 37,041 2,050,005 16,547
1993 563,024 29,479 139,215 12,770 5,671,322 37,383 1,855,854 14,980
1994 519,764 29,479 111,156 46,469 5,335,464 35,169 1,649,177 13,312
1995 503,459 29,479 324,186 52,375 5,281,423 34,813 2,440,705 19,700
1996 587,289 29,479 508,914 346 5,810,937 38,303 2,978,486 24,041
1997 606,142 29,479 530,914 68 5,873,787 38,717 2,870,309 23,168
1998 574,915 29,479 216,254 86 4,498,671 25,066 3,279,054 32,827
1999 537,882 29,479 443,713 1,296 4,757,635 25,369 2,718,853 38,268
2000 585,602 29,479 533,360 500 5,007,553 22,643 3,893,337 30,098
2001 586,484 29,479 623,131 0 4,767,729 23,056 3,982,703 23,083
2002 552,606 29,479 600,737 0 4,705,732 22,784 4,352,867 30,357
2003 531,620 29,479 626,670 650 4,705,240 25,548 4,224,983 23,897
2004 535,250 29,479 600,000 0 4,723,857 22,893 4,076,616 30,735
2005 528,905 29,479 610,200 0 4,696,820 25,105 4,175,344 24,735
2006 553,353 29,479 615,031 0 4,855,087 25,603 4,245,109 17,906
2007 559,785 29,479 624,382 0 4,708,558 24,746 4,649,456 21,250
2008 521,388 29,479 610,621 0 4,982,689 31,389 4,788,473 25,535
2009 564,806 29,479 598,393 0 5,151,903 64,916 4,677,382 66,479
2010 526,757 29,479 614,799 0 4,901,653 69,392 5,027,485 65,781
2011 648,294 29,479 682,162 0 5,470,217 40,348 5,169,949 40,396
2012 570,792 29,479 759,606 0 5,154,395 32,906 4,740,301 45,253




Table E.2 Cultivated area of major rice crop of the Phisanulok Irrigation Project in

rainy season

Cultivated area (rais)

Year L001 L002 L003 L004 L005 L006 TOTAL

1979 84,998 181,000 20,095 173,276 126,213 5,425 591,007
1980 81,063 172,619 19,165 165,253 120,369 5174 563,643
1981 84,478 179,892 19,972 172,216 125,441 5,392 587,390
1982 79,065 168,364 18,692 161,180 117,402 5,046 549,750
1983 79,557 169,412 18,809 162,183 118,133 5,078 553,170
1984 82,795 176,309 19,574 168,786 122,942 5,284 575,690
1985 74,694 159,057 17,659 152,270 110,912 4,767 519,358
1986 87,194 185,675 20,614 177,752 129,473 5,565 606,274
1987 87,418 186,151 20,667 178,208 129,806 5579 607,829
1988 89,826 191,280 21,236 183,118 133,382 5,733 624,574
1989 90,893 193,552 21,489 185,293 134,966 5,801 631,993
1990 83,883 178,626 19,831 171,004 124,558 5,354 583,256
1991 87,592 186,524 20,708 178,565 130,065 5,590 609,045
1992 73,481 156,474 17,372 149,797 109,111 4,690 510,925
1993 80,974 172,430 19,144 165,072 120,237 5,168 563,024
1994 74,752 159,181 17,673 152,389 110,999 4,771 519,764
1995 72,407 154,187 17,118 147,608 107,517 4,621 503,459
1996 84,463 179,861 19,969 172,186 125,419 5,391 587,289
1997 87,175 185,635 20,610 177,714 129,445 5,564 606,142
1998 82,070 176,687 7,469 186,000 118,447 4,243 574,915
1999 80,521 166,553 11,339 156,780 118,447 4,243 537,882
2000 87,405 178,322 29,521 167,660 119,286 3,408 585,602
2001 86,680 174,996 28,306 174,400 119,387 2,715 586,484
2002 91,000 172,508 17,973 164,435 99,217 7,473 552,606
2003 83,213 158,788 17,331 166,620 104,580 1,088 531,620
2004 63,951 166,097 14,739 160,635 125,644 4,184 535,250
2005 78,570 162,573 20,244 153,550 104,715 9,253 528,905
2006 89,050 149,686 18,434 143,612 145,165 7,406 553,353
2007 55,220 192,410 23,229 152,448 129,580 6,898 559,785
2008 74,986 159,678 17,728 152,865 111,346 4,786 521,388
2009 81,230 172,975 19,204 165,594 120,618 5,184 564,806
2010 75,758 161,323 17,910 154,439 112,492 4,835 526,757
2011 93,237 198,544 22,043 190,072 138,447 5,951 648,294
2012 82,091 174,809 19,408 167,350 121,896 5,239 570,792

Remark : L001 : Naraesuen Dam O&M Project, Phrom Phiram, Phisanulok

L002 :
L003 :
L004 :

L005
L006

Plaichumpol O&M Project, Maung Phisanulok, Phisanulok
Plaichumpol O&M Project, Muang Phichit, Phichit
Dong Setti O&M Project, Muang Phichit, Phichit

: Tha Bua O&M Project, Pho Talae, Phichit
: Tha Bua O&M Project, Muang Nakhon Sawan, Nakhon Sawan
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Table E.3 Cultivated area of second rice crop the Phisanulok Irrigation Project in dry

season
Cultivated area (rais)
Year
L001 L002 L003 L004 L005 L006 TOTAL

1979 28,830 62,993 9,853 65,036 59,592 3,795 230,098
1980 58,350 127,495 19,942 131,631 120,612 7,680 465,710
1981 63,578 138,918 21,729 143,425 131,418 8,369 507,437
1982 53,894 117,757 18,419 121,577 111,399 7,094 430,140
1983 55,216 120,647 18,871 124,561 114,133 7,268 440,695
1984 57,095 124,751 191513, 128,798 118,016 7,515 455,688
1985 19,183 41,915 6,556 43,275 39,652 2,525 153,106
1986 15,320 33,475 5,236 34,561 31,668 2,017 122,276
1987 16,867 36,853 5,764 38,049 34,864 2,220 134,617
1988 21,709 47,434 7,419 48,973 44,873 2,857 173,265
1989 45917 100,329 15,693 103,584 94,912 6,044 366,479
1990 40,094 87,605 13,703 90,447 82,875 5,277 320,000
1991 29,378 64,190 10,040 66,273 60,725 3,867 234,473
1992 54,715 119,551 18,700 123,429 113,097 7,202 436,693
1993 17,443 38,112 5,961 39,348 36,054 2,296 139,215
1994 13,927 30,431 4,760 31,418 28,788 1,833 111,156
1995 40,618 88,751 13,882 91,630 83,959 5,346 324,186
1996 63,763 139,322 21,792 143,842 131,801 8,393 508,914
1997 66,520 145,345 22,734 150,060 137,498 8,756 530,914
1998 27,095 59,203 9,260 61,123 56,006 3,566 216,254
1999 22,976 105,960 15,433 133,680 155,692 9,972 443,713
2000 86,230 125,893 18,336 179,000 150,428 9,634 569,521
2001 83,235 181,340 26,412 153,020 151,455 9,700 605,162
2002 66,375 171,757 25,016 178,730 149,297 9,562 600,737
2003 83,991 178,419 29,724 171,000 153,549 9,384 626,067
2004 67,173 167,265 28,578 172,125 152,196 9,445 596,782
2005 75,874 159,455 29,273 170,940 149,668 9,497 594,707
2006 86,478 177,080 28,907 170,386 142,740 9,431 615,022
2007 90,200 180,459 26,284 170,491 147,501 9,447 624,382
2008 76,507 167,166 26,147 172,589 158,141 10,070 610,621
2009 74,975 163,819 25,624 169,133 154,974 9,869 598,393
2010 77,030 168,310 26,326 173,770 159,223 10,139 614,799
2011 85,470 186,752 29,211 192,810 176,669 11,250 682,162
2012 95,174 207,953 32,527 214,699 196,726 12,527 759,606

Remark : L001 : Naraesuen Dam O&M Project, Phrom Phiram, Phisanulok
L002 :

L003

L005
L006

Plaichumpol O&M Project, Maung Phisanulok, Phisanulok
: Plaichumpol O&M Project, Muang Phichit, Phichit
L004 :

Dong Setti O&M Project, Muang Phichit, Phichit

: Tha Bua O&M Project, Pho Talae, Phichit
: Tha Bua O&M Project, Muang Nakhon Sawan, Nakhon Sawan
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rainy

Table E.4 Cultivated area of upland crop of the Phisanulok Irrigation Project in
season
Year Cultivated area (rais)
L001 L002 L003 L004 L005 L006 TOTAL

1979 59 0 29,420 0 0 0 29,479
1980 59 0 29,420 0 0 0 29,479
1981 59 0 29,420 0 0 0 29,479
1982 59 0 29,420 0 0 0 29,479
1983 59 0 29,420 0 0 0 29,479
1984 59 0 29,420 0 0 0 29,479
1985 59 0 29,420 0 0 0 29,479
1986 59 0 29,420 0 0 0 29,479
1987 59 0 29,420 0 0 0 29,479
1988 59 0 29,420 0 0 0 29,479
1989 59 0 29,420 0 0 0 29,479
1990 59 0 29,420 0 0 0 29,479
1991 59 0 29,420 0 0 0 29,479
1992 59 0 29,420 0 0 0 29,479
1993 59 0 29,420 0 0 0 29,479
1994 59 0 29,420 0 0 0 29,479
1995 59 0 29,420 0 0 0 29,479
1996 59 0 29,420 0 0 0 29,479
1997 59 0 29,420 0 0 0 29,479
1998 59 0 29,420 0 0 0 29,479
1999 59 0 29,420 0 0 0 29,479
2000 59 0 29,420 0 0 0 29,479
2001 59 0 29,420 0 0 0 29,479
2002 59 0 29,420 0 0 0 29,479
2003 59 0 29,420 0 0 0 29,479
2004 59 0 29,420 0 0 0 29,479
2005 59 0 29,420 0 0 0 29,479
2006 59 0 29,420 0 0 0 29,479
2007 59 0 29,420 0 0 0 29,479
2008 59 0 29,420 0 0 0 29,479

Remark : LOO1T :
L002 :
LO03 :
L004 :
L005 :
LO06 :

Naraesuen Dam O&M Project, Phrom Phiram, Phisanulok
Plaichumpol O&M Project, Maung Phisanulok, Phisanulok
Plaichumpol O&M Project, Muang Phichit, Phichit

Dong Setti O&M Project, Muang Phichit, Phichit

Tha Bua O&M Project, Pho Talae, Phichit

Tha Bua O&M Project, Muang Nakhon Sawan, Nakhon Sawan



Table E.5 Cultivated area of upland crop the Phisanulok Irrigation

Project in dry

season
Year Cultivated area (rais)
L001 L002 L003 L004 LO05 L006 TOTAL

1979 763 a7 29,467 509 266 36 31,087
1980 763 a7 29,467 509 266 36 31,087
1981 763 a7 29,467 509 266 36 31,087
1982 763 a7 29,467 509 266 36 31,087
1983 763 a7 29,467 509 266 36 31,087
1984 763 a7 29,467 509 266 36 31,087
1985 763 a7 29,467 509 266 36 31,087
1986 763 a7 29,467 509 266 36 31,087
1987 763 a7 29,467 509 266 36 31,087
1988 763 a7 29,467 509 266 36 31,087
1989 763 a7 29,467 509 266 36 31,087
1990 763 a7 29,467 509 266 36 31,087
1991 763 a7 29,467 509 266 36 31,087
1992 763 a7 29,467 509 266 36 31,087
1993 763 a7 29,467 509 266 36 31,087
1994 763 a7 29,467 509 266 36 31,087
1995 763 a7 29,467 509 266 36 31,087
1996 763 a7 29,467 509 266 36 31,087
1997 763 a7 29,467 509 266 36 31,087
1998 763 5 29,425 509 56 36 30,794
1999 1,025 134 29,554 509 266 36 31,523
2000 500 2 29,422 509 266 36 30,734
2001 763 a7 29,467 509 266 36 31,087
2002 763 a7 29,467 509 266 36 31,087
2003 763 a7 29,467 650 266 36 31,228
2004 763 a7 29,467 368 476 36 31,156
2005 763 a7 29,467 509 266 36 31,087
2006 763 a7 29,467 509 266 36 31,087
2007 763 a7 29,467 509 266 36 31,087
2008 763 a7 29,467 509 266 36 31,087

Remark : LOO1T :
L002 :
LO03 :
L004 :
L005 :
LO06 :

Naraesuen Dam O&M Project, Phrom Phiram, Phisanulok
Plaichumpol O&M Project, Maung Phisanulok, Phisanulok
Plaichumpol O&M Project, Muang Phichit, Phichit

Dong Setti O&M Project, Muang Phichit, Phichit

Tha Bua O&M Project, Pho Talae, Phichit

Tha Bua O&M Project, Muang Nakhon Sawan, Nakhon Sawan
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Table E.6 Actual water allocation in Phisanulok Irrigation Project

352

Year Actual water allocation (MCM/month) Annual

Apr May Jun Jut Aug Sep Oct Nov Dec Jan Feb | Mar | (MCM)
1982 41.3 36.5 4.4 40.6 86.3 94.1 92.7 39.5 3.4 6.7 26.3 40. 534.4
1983 36.6 32.0 14.6 82.9 96.7 8.7 89.2 24.3 5.9 6.0 57.1 68. 534.3
1984 72.7 45.1 0.0 52.4 1254 | 1339 121.6 55.7 2.0 7.4 54.4 73. 740.0
1985 75.7 433 0.0 28.2 82.4 | 103.2 83.4 56.8 0.7 2.7 61.2 73. 609.2
1986 78.3 31.0 6.7 60.7 151.8 | 181.3 | 204.9 | 1255 0.0 7.1 51.4 | 100 977.7
1987 97.8 77.4 26.6 | 111.0 114.7 | 182.1 174.4 7.9 0.0 0.0 42.5 81. 1,020.
1988 78.7 28.0 0.9 96.3 158.5 | 170.1 173.7 | 118.2 0.0 20.0 | 121.3 | 156 948.8
1989 150.9 92.8 1.4 44.8 158.8 | 188.9 162.8 | 125.1 6.4 18.6 64.2 | 133 1,229.
1990 145.4 67.8 0.0 41.6 1735 | 1949 | 201.7 | 111.7 5.0 22.1 73.0 | 109 1,158.
1991 100.6 50.3 3.6 15.2 88.4 | 156.6 | 161.0 | 126.4 4.6 13.0 76.6 | 136 910.9
1992 1325 113.1 16.0 0.0 49.9 84.6 1164 | 111.8 15.2 3.0 0.5 53 865.7
1993 8.2 0.0 0.5 84.6 147.6 | 129.8 97.5 81.7 13.6 a4 70| 09 572.3
1994 0.0 0.0 0.0 7.9 123.9 747 | 121.6 85.0 11.1 46.0 93.7 | 143 436.5
1995 85.3 22.4 0.0 40.5 524 251 12.4 12.7 0.0 76.1 | 162.3 | 196 511.1
1996 126.5 47.3 4.8 49.4 | 1,402.4 | 994.9 91.7 37.2 19.0 | 109.1 | 169.5 | 131 3,208.
1997 148.1 54.1 6.1 | 141.9 1258 | 138.3 133.9 97.9 11.7 | 1052 | 1059 | 135 1,267.
1998 119.1 41.5 0.0 32.0 172.2 | 140.2 94.1 215 11.0 35.0 52.0 59. 978.4
1999 44.3 0.0 0.0 30.5 76.3 59.3 82.7 51.2 35.3 80.6 | 134.7 | 148 526.7
2000 127.0 279.0 0.0 16.8 100.4 49.8 92.0 | 103.7 65.1 939 | 151.0 | 114 1,197.
2001 152.0 35.3 20.9 69.6 95.0 56.9 55.0 79.1 16.9 62.4 | 153.7 | 145 940.3
2002 157.8 129.1 18.7 | 127.3 94.5 3.0 24.0 1.2 62.3 | 166.5 | 137.2 | 136 979.5
2003 145.7 125.1 10.1 67.5 129.7 79.9 | 110.6 66.5 0.0 68.5 | 141.8 95. 1,174.
2004 76.6 84.7 0.0 63.2 71.0 70.7 | 1259 0.0 0.0 | 131.6 | 116.8 | 112 798.1
2005 100.4 54.7 116.4 | 103.8 94.9 B33 86.2 0.0 0.0 0.0 0.0 3.9 950.3
2006 15.1 12.9 34.2 61.7 101.7 el 44.8 42.4 | 1187 | 163.4 | 1719 | 192 466.3
2007 109.7 29.9 60.5 99.4 119.9 63.1 65.3 737 | 1345 | 1424 | 1614 | 193 1,283.
2008 131.0 117.7 163.1 | 142.1 137.1 51.8 0.0 97.3 | 163.1 | 166.3 | 175.1 187 1,501.
Max 157.8 279.0 163.1 | 142.1 | 1,402.4 | 994.9 | 204.9 | 126.4 | 163.1 | 166.5 | 175.1 196 3,208.
Min 0.0 0.0 0.0 0.0 49.9 2.1 0.0 0.0 0.0 0.0 0.0 | 09 436.5
Mean 94.7 61.1 18.9 63.4 160.4 | 131.4 104.4 67.6 26.1 57.7 94.9 | 110 974.8




Table E.7 Actual water allocation in Great Chao Phraya Irrigation Project
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Year Actual water allocation (MCM/month) Annual
Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar (M)

1979 1379 | 1213 | 1001 1243 | 1503 | 1506 1516 | 1379 715 343 215 356 12369
1980 368 600 754 | 1235 | 1650 | 1630 | 1786 | 1135 386 394 617 895 11450
1981 1122 | 1136 | 1065 951 1353 | 1680 | 2089 | 1973 522 536 806 | 1347 14580
1982 1166 697 718 916 | 1267 | 1703 | 2290 | 1921 587 520 885 | 1216 13886
1983 1275 | 1138 700 662 945 | 1703 1181 863 391 295 687 | 1262 11102
1984 1153 962 897 637 | 1136 | 2040 | 2279 | 2110 978 450 750 | 1245 14637
1985 1182 873 718 1039 | 1578 | 1472 1784 | 1677 493 324 697 | 1142 12979
1986 1063 860 | 1024 991 1042 | 1581 1805 | 1602 870 321 798 | 1095 13052
1987 | 1032 836 671 560 | 1039 897 | 1623 | 1661 726 262 363 895 10565
1988 793 852 669 809 | 1015 | 1192 | 1205 | 1299 753 455 605 908 10555
1989 | 1024 980 835 707 | 1029 | 1335 | 1620 | 1654 Taa! 386 462 924 11727
1990 923 836 923 948 | 1010 | 1602 680 | 1205 876 370 402 720 10495
1991 715 445 389 225 817 | 1405 1489 | 1288 726 321 341 434 8595
1992 ao7 391 137 82 961 756 | 1643 | 1381 707 268 314 470 7517
1993 486 509 620 450 683 | 1048 | 1018 616 489 96 132 156 6303
1994 104 525 | 1011 878 | 1375 | 1618 | 1475 | 1398 | 1051 383 551 960 11329
1995 | 1080 | 1077 887 945 | 1098 816 | 1130 845 771 685 942 | 1564 11840
1996 1351 675 672 | 1081 1194 | 1173 | 1039 | 1072 859 644 900 | 1171 11831
1997 | 1167 | 1047 841 828 | 1098 | 1013 | 1565 | 1339 967 a51 565 793 11674
1998 801 613 385 728 918 | 1364 | 1494 974 558 221 251 254 8561
1999 247 155 529 752 | 1094 | 1033 1271 1070 | 1095 435 711 892 9284
2000 657 866 758 815 890 | 1070 | 1150 | 1587 968 706 899 988 11354
2001 987 | 1016 801 1116 | 1050 | 1419 1387 | 1346 | 1072 706 760 | 1140 12800
2002 1103 993 986 | 1000 | 1194 | 1196 | 1541 888 900 890 | 1034 | 1158 12883
2003 948 | 1137 | 1075 819 927 973 | 1292 | 1408 886 584 717 769 11535
2004 684 694 674 888 735 | 1052 | 1142 | 1568 | 1000 432 679 896 10444
2005 666 833 764 806 874 | 1052 | 1142 | 1568 | 1000 670 634 657 10666
2006 663 621 737 921 1184 | 1126 | 1879 836 968 997 979 | 1015 11926
2007 939 687 | 1023 | 1065 | 1179 911 1373 | 1262 875 432 711 892 11349
2008 657 754 656 881 893 782 | 1402 | 1365 988 985 905 | 1029 11296
2009 967 779 947 981 1002 913 1047 | 1197 882 898 781 822 11216
2010 464 334 276 280 852 822 867 | 1048 960 889 861 925 8579
2011 588 770 | 1104 | 1062 | 1270 | 1274 | 1936 623 864 | 1318 | 1112 | 1263 13184
2012 982 | 1167 | 1035 | 1021 872 627 759 861 867 875 692 405 10164
Max 1379 | 1213 | 1104 | 1243 | 1864 | 2110 | 2290 | 2110 | 1095 1318 | 1112 | 1564 14637

Min 104 155 137 82 683 627 680 616 241 96 132 156 6303

Mean 1 722 751 868 | 1205 | 1373 | 1559 | 1373 700 471 586 816 11200




Table E.8 Monthly mean runoff of station C.13

354

Year Actual water allocation (MCM/month) Annual
Apr | May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar (M

1979 | 238 385 1035 422 331 598 870 191 435 197 143 80 4925
1980 | 173 408 | 1161 995 | 1720 | 3420 8626 | 2429 840 319 308 336 20735
1981 | 304 585 1183 | 1298 | 3124 | 2599 886 | 2160 | 1611 445 269 305 14769
1982 | 328 288 293 302 312 | 1127 1854 594 659 270 240 270 6537
1983 | 268 257 310 213 917 | 1508 5400 | 5571 1608 342 235 269 16898
1984 | 279 253 647 496 239 539 974 360 292 222 211 239 4751
1985 | 262 261 258 273 254 | 1440 3173 | 3318 | 2158 282 224 249 12152
1986 | 252 | 1609 1201 634 716 850 351 253 417 217 224 264 6988
1987 | 225 225 209 179 200 | 2005 2486 416 539 163 169 239 7055
1988 | 140 561 953 835 700 | 2026 3829 | 1864 544 212 127 168 11959
1989 | 231 230 973 245 213 493 985 333 399 136 121 250 4609
1990 | 243 400 | 1489 279 246 434 2161 529 412 179 175 211 6758
1991 195 133 112 115 511 1484 1037 242 223 123 148 184 4507
1992 | 229 226 166 143 642 254 1862 525 369 198 214 280 5108
1993 | 241 237 380 163 178 727 492 131 157 140 141 184 3171
1994 | 137 269 1720 | 1361 1089 | 3808 3918 186 356 155 195 203 13397
1995 | 143 255 493 501 | 2652 | 6776 | 10034 | 3915 866 143 162 223 | 26163
1996 | 254 | 1453 | 1733 507 | 1153 | 3362 7251 | 5425 | 1480 96 108 122 22944
1997 | 123 119 95 85 92 992 1367 106 88 72 131 207 3477
1998 | 257 195 99 649 244 392 888 122 98 111 160 185 3400
1999 | 198 | 1986 | 1546 217 306 | 2423 4888 | 5347 653 136 200 258 18158
2000 | 346 | 1035 1584 | 1250 | 1148 | 3091 4761 | 2340 211 218 246 519 16749
2001 111 842 | 1247 360 | 2399 | 2777 3998 | 2520 307 105 114 151 14931
2002 | 155 197 231 198 682 | 4820 7586 | 4683 | 1433 155 217 434 20791
2003 | 287 247 653 877 | 1137 | 2175 2150 166 111 109 179 138 8229
2004 | 144 255 1326 | 1274 | 2226 | 2209 1677 163 150 135 131 178 9868
2005 | 191 154 165 171 248 | 2798 3106 | 1410 135 136 103 139 8756
2006 98 890 | 2002 | 1843 | 1254 | 4200 8712 | 4378 400 193 111 148 24229
2007 | 170 | 2186 1058 | 1357 884 | 3171 4675 | 1511 140 137 134 133 15556
2008 | 150 999 1143 755 | 1205 | 2612 3353 | 4290 296 133 120 166 15222
2009 | 128 352 289 681 334 | 1582 4356 839 108 116 102 106 8993
2010 | 136 161 158 166 | 1726 | 3989 5480 | 3779 261 184 161 429 16630
2011 | 259 | 1483 | 1972 | 2370 | 4252 | 8286 9255 | 5816 931 1286 | 1810 | 1075 38795
2012 | 321 538 | 1032 536 683 | 3915 2638 387 238 172 158 166 10784
Max | 346 | 2186 | 2002 | 2370 | 4252 | 8286 | 10034 | 5816 | 2158 | 1286 | 1810 | 1075 38795

Min 98 119 95 85 92 254 351 106 88 72 102 80 3171

Mean | 212 579 850 640 | 1001 | 2438 3679 | 1950 557 213 220 250 12588




Table E.7 Storage of Sirikit Dam
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Year Storage (MCM) Wet Dry
APR | MAY | JUN | JuL | AuG | sep | ocT | nov | DEC | Uan | FEB | mar | (MCM) | (MCM)
1975 | 6459 | 6,156 | 6449 | 6915 | 8,872 | 9,603 | 9,507 | 9,296 | 8969 | 8766 | 8356 | 7,743 | 6459 | 9,507
1976 | 6970 | 6304 | 5820 | 5772 | 6,560 | 7,658 | 8,178 | 8,080 | 7,737 | 7,373 | 6,897 | 6252 | 6970 | 8,178
1977 | 5619 | 5051 | 4444 | 4233 | 4477 | 5238 | 5362 | 5081 | 4,939 | 4848 | 4683 | 4337 | 5619 | 5362
1978 | 3959 | 3,790 | 3,825 | 4,500 | 6,080 | 7,415 | 7,833 | 7,783 | 7,523 | 7,210 | 6,743 | 5947 | 3959 | 7,833
1979 | 5176 | 4646 | 4,697 | 4431 | 4,825 | 5077 | 4,900 | 4,509 | 4,276 | 4140 | 3985 | 3761 | 5176 | 4,900
1980 | 3,505 | 3300 | 3476 | 4336 | 5309 | 7,428 | 7,603 | 7,596 | 7,449 | 7,148 | 6678 | 6117 | 3505 | 7,603
1981 5447 | 5203 | 4822 | 7,062 | 7661 | 8272 | 8447 | 8207 | 8015 | 7,702 | 7,180 | 6,398 | 5447 | 8447
1982 | 5651 | 5150 | 5073 | 5278 | 5673 | 6910 | 7,596 | 7,488 | 7,318 | 6,938 | 6427 | 5789 | 5651 | 7,59
1983 | 4864 | 4388 | 4273 | 4302 | 5208 | 6425 | 7,256 | 7,502 | 7,590 | 7,506 | 7,116 | 6,403 | ag6a | 7,256
1984 | 5729 | 5427 | 5514 | 6378 | 7,254 | 8159 | 8,533 | 8260 | 8207 | 7,847 | 7,281 | 6322 | 5729 | 8533
1985 | 5433 | 5005 | 4903 | 5201 | 6857 | 7.664 | 8016 | 8224 | 8241 | 8,145 | 7,683 | 6930 | 5433 | 8016
1986 | 6328 | 6079 | 5782 | 6117 | 6,565 | 7,053 | 6993 | 6511 | 6378 | 6,111 | 5463 | 4847 | 6328 | 6,993
1987 | 4245 | 3733 | 3608 | 3281 | 3914 | 4441 | 4,766 | 4,781 | 4806 | 4,670 | 4169 | 3,782 | 4245 | 4,766
1988 | 3606 | 3,750 | 4012 | 4664 | 5990 | 6425 | 6676 | 6648 | 6652 | 6,494 | 6201 | 5876 | 3606 | 6,676
1989 | 5333 | 5022 | 5092 | 5546 | 5926 | 6371 | 6639 | 6448 | 6414 | 6208 | 5831 | 5131 | 5333 | 6,639
1990 | 4507 | 4,238 | 4,203 | 4,504 | 4,958 | 5394 | 5449 | 5320 | 5208 | 5085 | 4,598 | 3946 | 4507 | 5449
1991 3401 | 3284 | 3376 | 3376 | 3875 | 4645 | 4858 | 4746 | 4654 | 4500 | 4203 | 3,776 | 3401 | 4858
1992 | 3330 | 3043 | 2,997 | 3275 | 3929 | 4,596 | 4,979 | 4927 | agas | a770 | 4502 | 4141 | 3330 | 4979
1993 | 3765 | 3511 | 3,402 | 3,747 | 3,639 | 4,016 | 4,196 | 3,853 | 3,722 | 359 | 3395 | 3,190 | 3765 | 4,196
1994 | 3096 | 3,186 | 3549 | 4392 | 7,503 | 8882 | 9327 | 9,108 | 8925 | 8646 | 8068 | 7,263 | 3096 | 9327
1995 | 6530 | 6,027 | 5739 | 6,468 | 8900 | 9,476 | 9440 | 9,397 | 9,205 | 8850 | 8,164 | 7,143 | 6530 | 9,440
1996 | 6318 | 5683 | 5308 | 5528 | 6367 | 7,184 | 7,692 | 7,611 | 7,504 | 7,220 | 6,674 | 5917 | 6318 | 7692
1997 | 5259 | 4701 | 4,339 | 4335 | 5111 | 6282 | 6,799 | 6,563 | 6337 | 6004 | 5392 | 4,777 | 5259 | 6,799
1998 | 4229 | 3974 | 3871 | 4201 | 4507 | 5594 | 5657 | 5477 | 5308 | 4,985 | 4578 | 4081 | 4229 | 5657
1999 | 3892 | 4,035 | 4408 | 4713 | 6,115 | 8,183 | 8832 | 9,050 | 9,071 | 8585 | 7,779 | 6839 | 3892 | 8832
2000 | 6136 | 6069 | 6,189 | 7,073 | 7,772 | 9,053 | 9,389 | 9317 | 8940 | 8284 | 7,465 | 6,826 | 6,136 | 9,389
2001 5903 | 5746 | 5905 | 6678 | 8671 | 9,008 | 9361 | 9,433 | 9,103 | 8538 | 7,798 | 6875 | 5903 | 9,361
2002 | 5957 | 5729 | 5977 | 6104 | 7,141 | 8,743 | 9,121 | 9,136 | 9,086 | 8,560 | 7,883 | 7,159 | 5957 | 9,121
2003 | 6585 | 5784 | 5532 | 5928 | 6,722 | 8210 | 8321 | 7,883 | 7,442 | 6981 | 6356 | 5604 | 6585 | 8321
2008 | 4936 | 4686 | 5161 | 5973 | 7,361 | 9,190 | 9335 | 8900 | 8222 | 7,488 | 6,727 | 5858 | 4936 | 9335
2005 | 5194 | ad6a | 4472 | 4733 | 6271 | 8016 | 8,609 | 8607 | 8102 | 7,440 | 6,716 | 5845 | 5194 | 8609
2006 | 5113 | 5175 | 5150 | 5634 | 7,706 | 8962 | 9,458 | 9,397 | 8795 | 7992 | 7,286 | 6,524 | 5113 | 9458
2007 | 5854 | 5819 | 5655 | 5499 | 6044 | 6782 | 7,446 | 7,250 | 6,768 | 6,125 | 5568 | 4921 | 5854 | 7446
2008 | 4248 | 4032 | 4356 | 5357 | 7082 | 7921 | 8301 | 8314 | 7,793 | 7,094 | 6416 | 5574 | 4248 | 8301
2009 | 4805 | 4296 | 4,209 | 5007 | 5366 | 5825 | 6023 | 5864 | 5390 | 4910 | 4394 | 3911 | 4805 | 6,023
2010 | 3587 | 3425 | 3233 | 3585 | 5725 | 7,405 | 7,784 | 7,786 | 7,440 | 6,604 | 5741 | 5060 | 3587 | 7,784
2011 4772 | 5039 | 5922 | 7,366 | 8920 | 9404 | 9495 | 9417 | 8,787 | 7,756 | 6483 | 5612 | 4772 | 9495
Mean | 4931 | 4,656 | 4673 | 5157 | 6209 | 7,182 | 7,404 | 7380 | 7,152 | 6,755 | 6,187 | 5521 | 4931 | 7,494
Max 6,585 | 6079 | 6,189 | 7,366 | 8920 | 9476 | 9495 | 9433 | 9205 | 8850 | 8164 | 7,263 | 6585 | 9495
Min 3096 | 3043 | 2997 | 3275 | 3639 | 4016 | 4196 | 3853 | 3,722 | 3596 | 3395 | 3,190 | 3,096 | 4,19
Stdev | 1,024 | 942 | 921 | 1,142 | 1451 | 1,590 | 1,631 | 1,676 | 1,608 | 1480 | 1,351 | 1,188 | 1,024 | 1,631




Table E.8 Release of Sirikit Dam
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Year Release (MCM/month) Annual
APR | MAY | JUN | JuL | AuG SEP ocT | Nov | DEC | JAN | FEB mar | (MCM)

1975 | 573 | 440 | 350 | 599 | 729 709 641 494 | aes | 341 546 702 6,845
1976 | 826 | 815 | 814 | 626 | 623 476 449 443 | 531 | 534 | 546 714 7,284
1977 | 74| 752 | 732 | 723 | 734 268 302 527 | 267 | 193 | 239 414 5,632
1978 | 478 | 259 | 302 | 311 | 206 286 293 216 | 376 | 410 | 490 856 4,859
1979 | 793 | 735 | 459 | 554 | 673 418 469 519 | 308 | 213 175 277 5,097
1980 | 297 | 309 | 188 | 192 | 138 287 305 206 | 258 | 376 | 472 626 4,074
1981 | 714 | 647 | 738 | 430 | 1,062 536 418 528 | 323 | 417 | 605 793 7,344
1982 | 849 | 587 | 265 | 471 | 656 200 215 340 | 262 | 457 | 551 680 5,680
1983 | 997 | 666 | 288 | 525 | 328 111 42 60 a8 | 187 | 478 777 4,265
1980 | 756 | 489 | 264 | 345 | 602 709 228 518 | 165 | 457 | 665 972 6,396
1985 | 983 | 573 | 299 | 270 | 193 224 64 113 | 127 | 193 | 544 850 4,180
1986 | 729 | 679 | 682 | 556 | 397 303 422 667 | 233 | 319 | 687 658 6,237
1987 | 63a | 571 | 266 | 453 | 304 118 72 189 46 | 193 | a2 412 3,403
1988 | 237 | 140 64 | 147 | 120 180 141 172 77 | 209 340 357 2,502
1989 | 556 | 558 | 144 | 168 | 430 476 203 342 | 106 | 267 | 429 727 4,485
1990 | 636 | aso | 375 | 411 | 412 432 321 330 | 169 | 209 | 507 655 4,887
1991 | 587 | 318 | 150 | 332 | 313 60 182 261 | 160 | 216 340 466 3,263
1992 | 465 | 320 | 119 | 119 25 57 39 208 | 210 | 149 | 292 411 2,367
1993 | 417 | 353 | 205 | 426 | 736 258 126 457 | 195 | 175 | 238 275 3,670
1994 | 137 | 103 30 15 | 101 302 160 447 | 342 | 369 | 629 824 4,067
1995 | 746 | 598 | a3 | 269 | 823 1,177 754 527 | 376 | 483 799 | 1,081 8,298
1996 | 939 | 794 | 738 | 646 | 734 359 213 374 | 204 | 383 | 615 775 6,595
1997 | 721 | 630 | a10| ad6 | 332 178 199 463 | 339 | 421 659 659 5,353
1998 | 614 | 331 | 226 | 157 | 335 50 183 320 | 234 | 376 | 449 546 3,483
1999 | 277 66 38| 134 | 158 103 11 a1 82 | 599 | 917 | 1,006 3,935
2000 | 778 | as2 | 371 | 213 | 334 128 281 332 | 521 | 765 | 895 807 6,134
2001 | 970 | 406 | 148 | 407 | 725 1,281 230 187 | 479 | 683 | 830 980 7,299
2002 | 943 | 740 | 380 | 629 | a4 43 217 286 | 204 | 683 787 847 5,968
2003 | 639 | 884 | 495 | 517 | 429 97 234 629 | 550 | 573 700 802 6,673
2004 | 763 | ad0 | 167 | 406 | 187 373 339 667 | 831 | 876 | 839 949 6,819
2005 | 745 | 807 | 420 | 406 | 215 101 229 299 | 683 | 805 | 818 931 6,578
2006 | 865 | 374 | 288 | 223 | 264 255 413 300 | 789 | 939 | 814 850 6,249
2007 | 740 | 264 | 500 | 526 | 527 276 209 449 | 643 | 756 | 673 722 6,325
2008 | 779 | 489 | 427 | 483 | 349 276 249 330 | 719 | 855 790 940 6,785
2009 | 878 | 684 | 394 | 287 | 392 297 248 354 | 597 | 595 | 589 542 5,344
2010 | 366 | 251 | 329 | 266 | 132 60 111 181 | 512 | 926 | 928 770 5,127
2011 | 408 | 212 | 193 | 479 | 1,581 1,831 946 425 | 851 | 1,217 | 1,385 961 10,080
Max 997 | 8sa | 814 | 723 | 1,581 1,831 946 667 | 851 | 1,217 | 1385 | 1,081 10,080
Min 137 66 30 15 25 43 11 41 46 | 149 175 275 2,367
Mean | 663 | 492 | 347 | 385 | 453 359 275 358 | 361 | 482 | 616 719 5,502




Table E.9 Storage of Bhumibol Dam
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Year Storage (MCM) Wet Dry
APR | mAY | Jun | JuL | Auc SEP ocT | Nov | DEC JAN FEB MAR | (MC | (MCM)
1975 | 9984 | 9,445 | 9397 | 9385 | 10,404 | 12,491 | 13,480 | 13375 | 13230 | 12,976 | 12,553 | 11,777 | 9984 | 13,480
1976 | 10952 | 10,388 | 9,525 | 8577 | 8591 | 9,274 | 105500 | 10916 | 10,792 | 10,714 | 10248 | 9,442 | 1095 | 10,500
1977 | 8566 | 7,785 | 7,086 | 6439 | 6314 | 8320 | 8881 | 8794 | 8665 | 8609 | 8146 | 7498 | 8566 | 8881
1978 | 6816 | 6465 | 5966 | 6706 | 7,847 | 9,276 | 10589 | 10,701 | 10,574 | 10236 | 9,736 | 8851 | 6,816 | 10,589
1979 | 7957 | 7342 | 7,192 | 6646 | 6500 | 6791 | 7262 | 6470 | 5963 | 5629 | 5318 | 4945 | 7957 | 7.262
1980 | 4,616 | 4,683 | 4946 | 5111 | 5598 | 7,560 | 9,100 | 9427 | 9558 | 9353 | 8935 | 8228 | a6l6 | 9,100
1981 | 7,599 | 7,080 | 6760 | 7,308 | 8274 | 9028 | 9,485 | 10057 | 10,228 | 10076 | 9,437 | 8538 | 7,599 | 9,485
1982 | 7997 | 7662 | 7,778 | 7,290 | 7,182 | 8435 | 9448 | 9588 | 9,539 | 9216 | 8527 | 7515 | 7997 | 9,448
1983 | 6755 | 6,120 | 5808 | 5374 | 5586 | 6658 | 8110 | 9485 | 9,804 | 9,785 | 9,150 | 8243 | 6,755 | 8,110
1984 | 7439 | 6935 | 7,023 | 6894 | 6942 | 7663 | 8912 | 9077 | 9,140 | 8895 | 8368 | 7,603 | 7439 | 8912
1985 | 7,030 | 6715 | 6774 | 6974 | 7,188 | 8286 | 9395 | 10808 | 11,135 | 11,077 | 10,519 | 9,730 | 7,030 | 9,395
1986 | 9,048 | 8779 | 8435 | 8229 | 8555 | 9240 | 9349 | 9,003 | 8954 | 8730 | 8119 | 7,115 | 9,048 | 9,349
1987 | 6284 | 5797 | 5714 | 5083 | 5365 | 6491 | 7417 | 7928 | 8133 | 8011 | 7,646 | 6468 | 6284 | 7,417
1988 | 5457 | 5545 | 6235 | 6629 | 7346 | 8157 | 9934 | 10611 | 10,796 | 10506 | 9,712 | 8371 | 5457 | 9,934
1989 | 7108 | 6633 | 6812 | 6917 | 6717 | 7012 | 8415 | 8415 | 8461 | 8148 | 7,570 | 6565 | 7,108 | 8415
1990 | 5667 | 5332 | 5191 | 5070 | 5131 | 5724 | 6337 | 6404 | 6268 | 5926 | 5545 | agsa | 5667 | 6337
1991 | 4286 | 4109 | 4254 | 4242 | 4902 | 5983 | 6798 | 6980 | 6824 | 6494 | 5961 | 5211 | 4286 | 6,798
1992 | 4494 | 3996 | 3902 | 3951 | 4529 | 5776 | 6935 | 7136 | 7,149 | 7,036 | 6584 | 5953 | 4494 | 6935
1993 | 5318 | 4867 | 4,507 | 4240 | 4,009 | ag871 | 5280 | 5011 | 4976 | 4853 | a6ad | 4440 | 5318 | 5289
1994 | 4324 | 4404 | 4822 | 5490 | 7,427 | 9,709 | 10481 | 10486 | 10458 | 10285 | 9,809 | 8991 | 4324 | 10,481
1995 | 8293 | 7,801 | 7,415 | 7,441 | 8774 | 10912 | 11,944 | 12,138 | 12,027 | 11,596 | 10921 | 9,891 | 8293 | 11,944
1996 | 8998 | 8466 | 8252 | 8157 | 8552 | 10,152 | 11,132 | 11,377 | 11,250 | 10,732 | 9,870 | 8839 | 8998 | 11,132
1997 | 8055 | 7,147 | 6530 | 6254 | 6910 | 7,782 | 8815 | 8798 | 8557 | 8099 | 7,449 | 6465 | 8055 | 8815
1998 | 5485 | 4994 | 4752 | 4734 | 4801 | 5449 | 5511 | 5353 | 5232 | 4956 | 4604 | 4341 | 5485 | 5511
1999 | 4152 | 4577 | 4925 | a977 | 5751 | 6850 | 8059 | 9314 | 9506 | 9266 | 8723 | 8033 | 4152 | 8059
2000 | 7,719 | 8095 | 8625 | 9013 | 9,283 | 10,184 | 11,083 | 11,467 | 11,319 | 10853 | 10,179 | 9,717 | 7,719 | 11,083
2001 | 8951 | 8754 | 8781 | 8902 | 10,171 | 10,779 | 11,377 | 11,799 | 11,622 | 11,250 | 10,692 | 9,841 | 8951 | 11,377
2002 | 9115 | 8907 | 8873 | 8859 | 9576 | 12,500 | 13,300 | 13,412 | 13238 | 12,859 | 12,147 | 11,230 | 9,115 | 13,300
2003 | 10313 | 9354 | 8592 | 8501 | 8569 | 9516 | 9701 | 9,167 | s8adsa | 7825 | 7111 | 6303 | 1031 | 9701
2008 | 5577 | 5567 | 6065 | 6163 | 6761 | 8033 | 8384 | 8110 | 7878 | 7431 | 7001 | 6516 | 5577 | 8384
2005 | 6161 | 5762 | 5517 | 5692 | 6395 | 8959 | 10065 | 10,583 | 10370 | 9,788 | 9218 | 8606 | 6,161 | 10,065
2006 | 8130 | 8371 | 8590 | 9,040 | 10006 | 12,621 | 13291 | 13,245 | 12,585 | 11,710 | 10,785 | 9,696 | 8,130 | 13,291
2007 | 8757 | 9,434 | 9185 | 8576 | 8618 | 9,691 | 11,415 | 11,511 | 10824 | 9,793 | 8788 | 7,566 | 8,757 | 11,415
2008 | 6368 | 6565 | 6511 | 6351 | 6795 | 7,684 | 9085 | 9974 | 9460 | 8477 | 7481 | 6497 | 6368 | 9,085
2009 | 5574 | 5443 | 5785 | 6074 | 6337 | 7536 | 9347 | 9344 | 8508 | 7,578 | 6513 | 5455 | 5574 | 9347
2010 | 4766 | 4321 | 4060 | 4014 | 5040 | 6482 | 8494 | 8774 | 8281 | 7445 | 6560 | 6169 | 4,766 | 8494
2011 | 6070 | 6947 | 7,747 | 8522 | 10483 | 12554 | 13394 | 13316 | 12,676 | 11,172 | 9483 | 7,804 | 6070 | 13,394
Max | 10952 | 10,388 | 9,525 | 9,385 | 10,483 | 12,621 | 13480 | 13,412 | 13238 | 12976 | 12,553 | 11,777 | 1095 | 13,480
Min | 4152 | 3996 | 3902 | 3951 | 4009 | 4871 | 5280 | 5011 | 4976 | 4853 | 4604 | 4341 | 4152 | 5289
Mean | 7,032 | 6775 | 6712 | 6,698 | 7222 | 8498 | 9473 | 9685 | 9525 | 9119 | sass | 7658 | 7,032 | 9473




Table E.10 Release of Bhumibol Dam
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Year Release (MCM/month) Annual
APR | MAY | JUN | JuL | AuG | sep | ocT | Nov | DEC | JAN FEB MAR | (MCM)

1975 | 786 | 599 | 570 611 | 515 | 382 638 | 876 558 | 469 533 801 | 7,350
1976 | 796 | 750 | 942 | 1,005 | 514 | 307 307 | 347 397 | 402 502 758 | 7,142
1977 | 910 | 921 | 728 736 | 640 | 315 453 | 719 392 | 290 500 635 | 6,943
1978 | 615 | 473 | 528 421 | 339 | 270 230 | 264 366 | 383 466 804 | 5366
1979 | 820 | 715 | 552 680 | 663 | 428 466 | 890 548 | 322 287 338 | 6,181
1980 | 292 | 236 | 165 169 | 127 46 37 115 159 | 275 449 659 | 3,202
1981 765 | 688 | 597 116 | 126 | 183 223 | 332 191 | 294 605 871 | 4,804
1982 | 579 | 537 | 493 779 | 770 | 235 193 | 266 233 | 401 700 978 | 6,209
1983 | 676 | 594 | 357 44q | 178 54 17 13 31| 136 664 832 | 4,065
1984 | 745 | 512 | 192 303 | 451 | 204 aa | 213 109 | 280 504 685 | 4,024
1985 | 527 | 389 | 190 199 | 203 | 127 28 34 73| 213 634 797 | 3,682
1986 | 704 | 518 | 539 516 | 335 | 234 as6 | 613 213 | 297 593 926 | 6077
1987 | 806 | 487 | 290 629 | 587 | 109 38 | 270 a2 | 205 364 1,074 | 5039
1988 | 944 | 225 60 124 21 21 17 15 118 | 421 812 1,253 | 4227
1989 | 1,240 | 579 | 166 231 | 699 | 356 39 | 430 152 | 363 552 919 | 5309
1990 | 824 | 572 | 416 314 | 368 | 410 317 | 385 305 | 372 351 571 | 4,863
1991 482 | 196 87 183 | 250 | 135 35 | 309 309 | 411 529 669 | 3,714
1992 | 600 | 418 | 103 84 22 48 35 137 323 | 241 450 602 | 3,018
1993 | 553 | 435 | 409 330 | 39 54 182 | 431 127 | 138 185 220 | 3,076
1994 168 | 150 75 38 a6 81 195 | 413 339 | 307 516 848 | 3,699
1995 | 690 | 594 | 620 294 | 102 33 62 | 249 328 | 566 865 1,088 | 5753
1996 | 952 | 730 | 664 525 | 636 | 539 249 | an1 350 | 648 908 1,112 | 7,700
1997 | 867 | 943 | 662 550 | 254 | 191 203 | 397 451 | 526 675 9717 | 6,748
1998 | 910 | 474 | 224 105 | 185 32 64 | 216 146 | 253 282 219 | 2,360
1999 162 37 6 84 86 56 7 59 103 | 342 593 682 | 2,496
2000 | 442 | 281 86 7| 333 | 19 54 | 110 318 | 529 652 535 | 3844
2001 674 | 411 | 109 282 | 133 | 128 125 83 306 | 461 584 791 | 4,133
2002 | 680 | 541 | 255 322 | 208 44 285 | 953 736 | 722 861 993 | 6,836
2003 | 916 | 1,041 | 858 430 | 360 | 169 218 | 651 659 | 617 635 695 | 6,932
2004 | 599 | 332 | 147 357 | 184 | 168 228 | 455 326 | 447 410 467 | 3,908
2005 | 388 | 421 | 464 219 | 237 | 153 188 | 350 536 | 735 618 619 | 5192
2006 | 592 | 369 | 325 306 | 354 | 136 937 | 460 927 | 959 975 1,041 | 7,642
2007 | 853 | 270 | 664 912 | 595 | 267 9 | 361 884 | 1,074 986 1,053 | 8291
2008 | 1,130 | 331 | 321 396 | 251 | 210 169 156 714 | 992 920 952 | 6,306
2009 | 894 | 494 | 328 217 | 388 | 240 139 | 362 906 | 933 972 922 | 6,520
2010 | 559 | 376 | 257 186 87 56 55 142 595 | 806 806 505 | 4,557
2011 308 | 108 | 105 167 | 667 | 783 | 1604 | 721 | 1,009 | 1,715 | 1,750 1,542 | 10,170
Max | 1,040 | 1,041 | 942 | 1,005 | 770 | 783 | 1604 | 953 | 1,009 | 1,715 | 1,750 1,502 | 10,170

Min 162 37 6 38 21 21 7 13 31| 136 185 219 | 2,360

Mean | 685 | 480 | 366 364 | 335 | 200 233 | 359 387 | 501 640 795 | 5335
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Table E.11 Raw water demand of PWA and MWA

PWA/ Head office/Service unit Raw water demand (x1,000 Cu.m)

MIWA 2005 2006 2007 2008 2009 2010 2011 2012

PWAO1 Uttaradit head office 428 436 381 315 315 249 260 276
Tron service unit 222 217 187 114 114 121 127 141
Dan Na Kham service unit 316 360 392 297 297 394 412 406
Total 967 1,013 960 726 726 764 799 823
Phrom Phiram service

PWAO02 | unit 818 837 71 636 636 674 695 748
Bang Krathum service
unit 352 375 342 275 275 358 369 348
Noen Kum service unit 241 257 231 121 121 143 147 157
Ban Mai service unit 301 299 258 157 157 143 147 140
Hao Lor service unit 1,393 1,525 1,564 1,586 1,586 1,612 1,662 2,926
Total 3,105 3,292 3,167 2005 2,775 2,929 3,019 4,319

PWAO3 | Phitchit head office 5,147 5,359 4,875 3,584 3,584 3,693 3,821 4,087
Sak Lek service unit 367 460 419 319 319 371 384 437
Wang Srai Phoon service
unit 280 393 360 200 200 241 250 261
Tha Ror service unit 369 284 255 176 176 176 182 188
Wang Khud service unit 321 482 436 321 321 345 357 368
Hao Dong service unit 386 340 340 208 208 214 221 264
Kok Salud service unit 412 462 512 356 356 443 458 483
Total 7,282 7,781 7,198 5,164 5,164 5,483 5,673 6,086
Bang Mun Nak head

PWAO4 | office 2,063 2,128 1,899 1,280 1,280 1,223 1,226 1,368
Bang Pai service unit 174 177 155 91 91 87 87 99
Tapan Hin head office 2,977 3,050 2,734 1,903 1,903 1,961 1,983 2,022
Tup Kor service unit 1,185 1,237 1,142 778 778 815 824 894
Total 6,400 6,593 5,930 4,052 4,052 4,086 4,120 4,382

PWAO5 | Ta Krit service unit 571 602 548 354 354 348 365 501
Total 571 602 548 354 354 348 365 501

PWAO6 | Nakon Sawan head office 2,602 2,833 2,626 1,975 1,975 2,296 2,408 2,606
Phayuhakiri head office 2,819 2,944 2,699 2,102 2,102 2,143 2,201 2,480
Kao Thong service unit 802 869 793 561 561 647 665 773
Chainat head office 3,025 3,154 2,884 2,434 2,434 2,397 2,465 2,976
Total 9,248 9,800 9,002 7,072 7,072 7,483 7,738 8,836

PWAO7 | Angthong head office 3,250 3,425 3,089 2,918 2,918 2,795 2,844 3,308
Pathumthani head office 15,770 18,392 20,351 24,619 24,619 22,551 23,780 29,745
Rangsit head office 73,615 82,692 108,945 120,688 120,688 121,996 128,994 145,450
Singburi head office 3,606 3,645 3,271 2,803 2,803 2,821 2,844 2,940
Sena head office 2,510 2,623 2,413 2,649 2,649 2,606 2,696 2,955
Phranakornsri Ayutthaya
head office 9,883 12,365 26,848 32,158 32,158 31,146 33,332 38,193
Total 108,634 123,142 164,917 185,834 185,834 183,914 194,490 222,592

Total PWA 136,207 152,223 191,721 205,978 205,978 205,008 216,204 247,538

MWA 1,131,000 | 1,173,000 | 1,224,000 | 1,250,600 | 1,250,300 | 1,281,900 | 1,302,300 | 1,367,615
Total 1,131,000 | 1,173,000 | 1,224,000 | 1,250,600 | 1,250,300 | 1,281,900 | 1,302,300 | 1,367,615

Total MWA 1,131,000 | 1,173,000 | 1,224,000 | 1,250,600 | 1,250,300 | 1,281,900 | 1,302,300 | 1,367,615




Table E.12 Raw water demand of PWA and MWA by sector

Head office/Service unit Sector Raw water demand (MCM)
2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012
Uttaradit head office |y actic 0.63 0.66 0.63 0.48 0.48 0.50 0.52 0.54
Business 0.28 0.29 0.28 0.21 0.21 0.22 0.23 0.24
Industrial 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.04
Total 0.97 101 0.96 0.73 0.73 0.76 0.80 082
Phitsanulok Domestic 1.90 201 194 170 170 179 1.85 2.66
Business 104 1.10 1.06 0.93 0.93 0.98 101 145
Industrial 0.16 0.17 0.17 0.15 0.15 0.16 0.16 0.23
Total 3.11 3.29 317 2.78 2.78 293 3.02 4.32
Phitchit Dornestic 4.63 4.94 457 3.28 3.28 3.48 3.60 3.87
Business 183 1.95 180 129 129 137 142 153
Industrial 0.83 0.89 0.82 0.59 0.59 0.62 0.65 0.69
Total 7.28 7.78 7.20 5.16 5.16 548 567 6.09
Bang Mun Nak head | ) otic 1.25 1.28 114 0.76 0.76 0.73 0.73 0.82
office
Business 0.77 0.79 0.71 0.47 0.47 0.45 0.45 0.51
Industrial 0.22 0.23 0.20 0.13 0.13 0.13 0.13 0.14
Total 2.24 231 2,05 1.37 137 131 131 147
Tapan Hin head office | 50 gtic 2.69 2.77 2.50 173 173 179 181 1.88
Business 1.19 122 1.10 0.76 0.76 0.79 0.80 0.83
Industrial 0.29 0.30 0.27 0.19 0.19 0.19 0.20 0.20
Total 4.16 4.29 3,88 268 2,68 278 281 292
TaKiit service unit | o otic 0.40 0.42 0.38 0.25 0.25 0.26 0.25 0.35
Business 0.12 0.13 0.12 0.08 0.08 0.07 0.08 0.11
Industrial 0.05 0.06 0.05 0.03 0.03 0.03 0.03 0.05
Total 0.57 0.60 0.55 0.35 0.35 0.35 0.37 0.50
Nakon Sawan head Domestic 181 1.97 1.82 137 137 1.59 1.67 1.81
office
Business 0.55 0.60 0.56 0.42 0.42 0.49 0.51 0.56
Industrial 0.24 0.26 0.24 0.18 0.18 0.21 0.22 0.24
Total 2.60 283 2.63 198 198 2.30 241 261
Phayuhakiri head office | 5, otic 207 218 1.99 152 152 159 164 186
Business 0.76 0.80 0.74 0.56 0.56 0.59 0.60 0.69
Industrial 0.79 0.83 0.76 0.58 0.58 0.61 0.62 0.71
Total 362 381 3.49 266 266 279 287 3.25
Chainat head office | 0 otic 165 172 157 133 133 131 135 162
Business 103 107 0.98 0.83 0.83 081 0.84 101
Industrial 0.35 0.36 0.33 0.28 0.28 0.28 0.28 0.34
Total 3.02 3.15 2.88 243 243 2.40 2.46 2.98
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Table E.12 Raw water demand of PWA and MWA by sector (continue)

Head Type Raw water demand (MCM)
office/Service unit
2005 | 2006 2007 2008 2009 2010 2011 2012
Angthong head | 1y ectic 1.97 2.08 1.88 1.77 1.77 1.70 1.73 2.01
office
Business 0.98 1.03 0.93 0.88 0.88 0.84 0.86 1.00
Industrial 030 | 031 0.28 0.27 0.27 0.25 0.26 0.30
Total 325 | 342 3.09 292 292 2.80 2.84 331
Pathumthani Domestic 6.27 731 8.09 9.78 9.78 8.96 9.45 11.82
head office
Business 260 | 3.04 336 4.06 4.06 372 393 4.91
Industrial 690 | 805 8.91 10.77 10.77 9.87 10.41 13.02
Total 15.77 | 1839 2035 24.62 24.62 2255 2378 29.75
Rangsit head | p ) astic 2638 | 2963 | 3904 | 4325 | 4325 | 4371 | 4622 52.12
office
Business 2025 | 22.74 29.97 33.20 33.20 33.55 35.48 40.01
Industrial 2699 | 30.32 39.94 44.25 44.25 44.73 47.29 53.33
Total 7361 | 82.69 | 10895 | 12069 | 12069 | 12200 | 128.99 145.45
Singourt head | et 207 | 209 187 161 161 162 163 168
office
Business 1.28 1.29 1.16 0.99 0.99 1.00 1.01 1.04
Industrial 026 | 026 0.24 0.20 0.20 0.20 0.21 021
Total 361 3.64 3.27 2.80 2.80 282 284 2.94
Sena head office | o tic 1.54 1.61 1.48 1.63 1.63 1.60 1.65 1.81
Business 075 | 079 0.72 0.79 0.79 0.78 0.81 0.88
Industrial 022 | 023 0.21 0.23 0.23 0.23 0.23 0.26
Total 251 262 241 265 2.65 261 2.70 2.95
Phranakomsri | 1 estic 282 | 353 7.67 9.18 9.18 8.89 9.52 10.91
Ayutthaya head
office Business 336 | 421 9.14 10.95 10.95 10.60 11.35 13.00
Industrial 370 | 4.63 10.04 12.03 12.03 11.65 1247 14.29
Total 9.88 | 1237 26.85 32.16 32.16 31.15 3333 38.19
MWA Domestic 5322 | 5401 571 586 615 | 6297 | 6252 | 64232
Business+industrial | 598.8 | 632.9 653 664.6 6353 652.2 677.1 | 725295
Total 1131 | 1173 1224 | 12506 | 1250.3 | 12819 | 13023 | 1367.615




Table E.13 Forecasting raw water demand of PWA and MWA by sector
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Head Type Raw water demand (MCM)
office/Service
unit 2012 | 2014 | 2019 | 2024 | 2029 | 2034 | 2039 | 2075 | 2079 | 2084 | 2089 | 2094 | 2099
Uttaradit Domestic | 051 | 056 | 066 | 077 | 091 | 1.02 | 113 | 196 | 205 | 216 | 228 | 239 | 251
head office Business 023 | 025 | 030 | 034 | 041 | 045 | 050 | 087 | 091 | 096 | 1.01 | 106 | 1.11
Industrial | 0.04 | 005 | 005 | 006 | 007 | 008 | 009 | 016 | 017 | 018 | 019 | 020 | 0.20
Total 078 | 085 | 101 | 118 | 139 | 155 | 172 | 298 | 312 | 330 | 347 | 365 | 3.82
Phitsanulok | pomestic | 1.83 | 1.95 | 227 | 259 | 301 | 330 | 363 | 605 | 631 | 665 | 698 | 732 | 7.65
Business 1.00 | 107 | 124 | 142 | 165 | 181 | 1.99 | 331 | 346 | 364 | 383 | 401 | 420
Industrial | 016 | 017 | 020 | 022 | 026 | 029 | 031 | 052 | 055 | 058 | 061 | 063 | 066
Total 299 | 320 | 371 | 423 | 491 | 539 | 594 | 988 | 1032 | 1087 | 11.42 | 11.97 | 1251
Phitchit Domestic | 331 | 342 | 354 | 369 | 398 | 414 | 433 | 573 | 589 | 608 | 628 | 647 | 6.67
Business 130 | 135 | 140 | 145 | 157 | 163 | 171 | 226 | 232 | 240 | 248 | 255 | 263
Industrial | 059 | 0.61 | 063 | 066 | 071 | 074 | 078 | 103 | 106 | 109 | 113 | 116 | 1.19
Total 520 | 538 | 557 | 580 | 626 | 651 | 681 | 902 | 927 | 957 | 988 | 1019 | 1049
Bang Mun Domestic | 0.67 | 068 | 070 | 073 | 079 | 081 | 084 | 106 | 1.09 | 112 | 115 | 118 | 121
Nak head Business 042 | 042 | 044 | 045 | 049 | 050 | 052 | 066 | 067 | 069 | 071 | 073 | 075
office Industrial | 012 | 012 | 012 | 013 | 014 | 014 | 015 | 019 | 019 | 020 | 020 | 021 | 021
Total 121 | 122 | 126 | 132 | 142 | 145 | 151 | 191 | 195 | 200 | 206 | 212 | 217
Tapan Hin Domestic | 1.74 | 1.79 | 194 | 211 | 236 | 249 | 266 | 389 | 403 | 420 | 437 | asa | 472
head office Business 077 | 079 | 086 | 093 | 1.04 | 110 | 117 | 172 | 178 | 186 | 193 | 201 | 208
Industrial | 019 | 019 | 021 | 023 | 026 | 027 | 029 | 042 | 044 | 046 | 047 | 049 | 051
Total 269 | 278 | 301 | 327 | 365 | 385 | 412 | 603 | 625 | 651 | 678 | 704 | 7.31
Ta Krit Domestic | 026 | 028 | 034 | 039 | 046 | 051 | 057 | 098 | 1.03 | 108 | 114 | 120 | 1.26
sevice unit | g, iness 008 | 009 | 010 | 012 | 014 | 016 | 017 | 030 | 032 | 033 | 035 | 037 | 039
Industrial | 0.04 | 004 | 005 | 005 | 006 | 007 | 008 | 013 | 014 | 015 | 015 | 016 | 017
Total 038 | 041 | 049 | 057 | 066 | 074 | 082 | 141 | 148 | 156 | 164 | 173 | 181
Nakon Sawan | pomestic | 170 | 1.84 | 219 | 254 | 299 | 332 | 369 | 636 | 666 | 703 | 740 | 7.77 | 814
head office Business 052 | 057 | 067 | 078 | 092 | 1.02 | 113 | 1.95 | 205 | 216 | 227 | 239 | 250
Industrial | 0.23 | 025 | 029 | 034 | 040 | 045 | 050 | 0.85 | 089 | 094 | 099 | 104 | 1.09
Total 245 | 265 | 316 | 366 | 431 | 479 | 532 | 917 | 9.60 | 1013 | 1066 | 1120 | 11.73
Phayuhakiri Domestic 144 | 151 | 172 | 192 | 221 | 239 | 261 | 417 | 435 | 457 | 478 | 500 | 522
head office | gginess | 053 | 056 | 063 | 071 | 082 | 088 | 096 | 154 | 161 | 169 | 177 | 185 | 1.93
Industrial | 055 | 058 | 0.66 | 073 | 084 | 091 | 1.00 | 159 | 166 | 174 | 1.83 | 1.91 | 1.99
Total 252 | 265 | 300 | 337 | 386 | 418 | 457 | 731 | 762 | 800 | 838 | 876 | 9.14
Chainat head | pomestic | 1.27 | 1.3¢ | 153 | 173 | 199 | 216 | 237 | 384 | 401 | 421 | 442 | 462 | 483
office Business 079 | 083 | 095 | 1.07 | 124 | 135 | 147 | 239 | 249 | 262 | 274 | 287 | 3.00
Industrial | 0.27 | 028 | 032 | 036 | 042 | 046 | 050 | 081 | 084 | 089 | 093 | 097 | 1.02
Total 232 | 246 | 281 | 317 | 364 | 397 | 434 | 704 | 730 | 772 | 809 | 847 | 884
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Table E.13 Forecasting raw water demand of PWA and MWA by sector (continue)

Head Sector
office/Service Raw water demand (MCM)
unit 2012 | 2014 | 2019 | 2024 | 2029 2034 2039 2075 2079 | 2084 | 2089 | 2094 | 2099
Angthong
head office Domestic 1.59 1.65 1.82 201 226 241 2.60 3.96 411 4.30 4.48 467 4.86
Business 0.79 0.82 091 1.00 112 1.20 1.29 1.97 204 214 223 232 242
Industrial 024 0.25 027 030 034 036 039 059 062 0.65 0.67 0.70 073
Total 262 273 301 330 373 398 4.29 652 6.77 7.08 739 7.70 801
Pathumthani Domestic 1056 | 1167 | 1439 | 17.12 | 2049 23.10 25.96 4657 4886 | 5172 | 5458 | 57.44 | 6030
head office
Business 439 4.85 598 711 851 9.60 10.79 19.35 2030 | 2149 | 2268 | 2387 | 2505
Industrial 1163 | 1286 | 1585 | 1885 | 2257 25.44 28.60 51.29 5381 | 5697 | 60.12 | 6327 | 6642
Total 2659 | 2038 | 3623 | 4308 | 5156 58.14 6534 11721 1229 | 1301 | 137.3 | 1445 | 1517
Rangsit head Domestic 4856 | 5382 | 6669 | 79.56 | 9543 107.80 | 12133 | 21869 2295 | 2430 | 2565 | 2700 | 2835
office
Business 3728 | 4131 | 5119 | 61.07 | 7325 82.75 93.13 167.86 1761 | 1865 | 1969 | 2073 | 2176
Industrial 4969 | 5506 | 6824 | 81.40 | 9764 | 11030 | 12413 | 22375 2348 | 2086 | 2624 | 2763 | 290.1
Total 1355 | 1501 | 1861 | 2220 | 2663 | 30085 | 33859 | 61030 6404 | 6782 | 7159 | 7537 | 7914
Singburi head Domestic 1.36 1.38 1.44 1.51 1.64 1.68 176 2.29 235 243 2.50 258 265
office
Business 0.84 0.85 0.89 094 1.02 1.04 1.09 1.42 1.46 1.50 1.55 1.59 1.64
Industrial 017 017 0.18 0.19 021 021 022 0.29 030 031 032 032 033
Total 238 241 251 264 2.86 294 3.07 4.00 a11 424 437 4.49 4.62
Sena head Domestic 1.54 1.63 1.87 2.12 2.46 2.68 2.94 4.83 5.04 5.30 5.56 5.82 6.08
office
Business 0.75 0.80 091 1.04 1.20 1.31 1.44 235 2.46 258 271 284 297
Industrial 0.22 0.23 0.27 030 035 0.38 0.42 0.69 0.71 0.75 0.79 0.83 0.86
Total 250 266 3.06 346 4.00 437 4.80 7.87 8.21 8.63 9.06 9.49 9.91
Phranakornsri Domestic 1051 | 11.87 | 1516 | 1844 | 2241 25.60 29.05 53.85 5661 | 6005 | 6350 | 66.94 | 7038
Ayutthaya
head office Business 1253 | 1415 | 1808 | 21.98 | 2671 30.53 34.63 64.20 6749 | 7159 | 7570 | 79.81 | 8391
Industrial 1377 | 1555 | 1986 | 24.15 | 2935 33,54 38.05 70.54 7415 | 7866 | 8318 | 87.69 | 9220
Total 3680 | 4156 | 5311 | 6458 | 7847 89.67 10173 | 18859 1982 | 2103 | 2223 | 2344 | 2465
MWA Domestic 642 670 740 811 881 951 1,021 1,526 1,582 | 1652 | 1,722 | 1,792 | 1,862
Business+
725 770 881 993 1,100 1,215 1,327 2,128 2217 | 2329 | 2440 | 2551 | 2,663
Industrial
Total 1,368 | 1,440 | 1,622 | 1,803 | 1,985 2,166 2,348 3,654 3799 | 3981 | 4162 | 4344 | 4525
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Appendix F

Water network balance model
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Appendix F

Water network balance model

F.1 Water network balance model

The water balance of water resources were considered at the
control points though the main Nan River Basin. The balancing water volume will
be separated into 2 terms such as the net flow volume at the control point for
studying the flood issue and the water deficit for studying the water shortage

issue.

F.1.1 Net flow volume

The net flow volume was analyzed by balancing the inflow (Q;,)
and outflow (Q,¢) of the control point. The lateral flow or side flow (Qy) is
one of variables that will be taken to the water balance equation. Another
variable is the water extraction or water allocation (W, , the water
allocation was extracted from the water resources system by the directly
pumping and the irrigated infrastructure such the sluice gate and the weir.

The net flow volume is following this equation as:
ZQout = ZQin (1)
Qout = Qin + Qs = W, 2)

where Qg is the outflow of the runoff volume, MCM/month, Q;, is
the inflow of the runoff volume, MCM/month, W, is the water allocation or

water extraction, MCM/month.

F.1.2 Water deficit

The water deficit was analyzed by balancing between the
water allocation and the water demand. The assumption is the water deficit
will occur while the water allocation less than the water demand. On the
other hand, the deficit will not occur if the water allocation is higher than
the water demand that will occur the residual water, this residual water
calls the water surplus. The water surplus was assumed as the stilling water
in the irrigation area that it will be not taken back to the water balance

system. The water deficit is following this equation as:
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Di= Wa - Wa (3)
where D is the water deficit, MCM, W, is the water allocation, MCM,
Wy is the irrigation water demand, MCM.

The water balance of river basin was analyzed the water
resources system of Nan River Basin and Ping River. The Phisanulok Irrigation
Project is the main water user in this Nan River Basin and the other irrigation
projects included medium, small and pumping projects. Furthermore the
Great Chao Phraya Irrigation Project receives the allocated water from both
Bhumibol and Sirikit Dam at the Lower Chao Phraya River Basin.The lateral
flow of sub basins at the downstream were assigned as the inflow to the
flow network. The control points were created for water balancing between
the upper node and lower node. The control points were set from the 7
runoff stations show as Figure F.1. Moreover the Lower Nan River Basin
receive the lateral flow from the Lower Yom River Basin, so Y.17 at Ban Sam
Ngam was set as lateral flow from Yom River Basin. The lateral flow of each
sub basins were simulated by using HEC-HMS same as the inflow. For the
lateral flow included the lateral flow from Lower Ping River Basin and the
lateral flow from Wang River Basin. The control points of Ping River Basin
were set from W.4A at Ban Wang Man and P.17 at Ban Tha Ngiu. The

minimum flow was set as minimum water requirement at C.2.

The lateral flows or side flows (SF) were grouped from the
bias simulated runoff in each sub basin according to the flow network from
HEC-HMS rainfall-runoff model (as shown in Figure F.1). The side flows in

can be grouped as:
1) SF-01 is the lateral flow from Nam Pad (0912).

2) SF-02 is the lateral flow from Nan River Part 4/1 (0911/1) and
Klong Tron (0913).

3) SF-03 is the lateral flow from Nan River Part 4/2 (0911/2).

4) SF-04 is the lateral flow from Kwae Noi River Part 1 (0914/1),
Kwae Noi River Part 2 (0914/2), Kwae Noi River Part 3
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(0914/3), Kwae Noi River Part 4 (0914/4) and Nam Phak
(0915).

5) SF-05 is the lateral flow from Wang Thong River (0916).

6) SF-06 is the lateral flow from Lower Nan River Part 1(0917/1),
Lower Nan River Part 2 (0917/2) and Lower Nan River Part 3
(0917/3).

7) SF-07 is the lateral flow from Lower Nan River Part 4
(0917/4).

The water extraction (Ws) or water supply or pumping of the

irrigation project along main Nan River is calibrated from the water balance

in the past (1979 - 2006). The water extraction for simulating in the

reservoir operation model can be calculated from the water allocation ratio

(r,) multiple with the net flow at the extraction point. The water allocation

patterns are formulated from the ratio of water allocation and net flow at

the extraction point with decision tree classification as shown in Table F.1

to F.6.

The water allocation ratio (r,) at the each point can be

calculated as follows:

1) Water allocation ratio (r,) of Phitsanulok Irrigation Project (PSK)

2)

Ws_psk (4)

T =
a_psk QN.601SF 03

where Wi s is the water extraction of Phitsanulok Irrigation Project,
Qn.so is the stream flow at N.60 and Sr gz is the lateral flow
(SF-03).

Water allocation ratio (r,) of WD-01

W,
Ta 01 = = (5)
- Qn.60t+SFy;—Ws_psk

where Ws; is the water extraction of WD-01, Queo is the stream
flow at N.60A and Sr s is the lateral flow (SF-03) , Wi ps is

the water extraction of Phitsanulok Irrigation Project.
Water allocation ratio (r,) of WD-02

W,
Ta 02 = 22 (5)
- QN.27A+SF 04

where Wi, is the water extraction of WD-02, Quz7 is the stream
flow at N.27A and Sr 4 is the lateral flow (SF-04).
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Water allocation ratio (r,) of WD-03

Ws 03
QN5ATSF 05

(6)

Ta 03 =

where Ws 3 is the water extraction of WD-03, Qnsa is the stream
flow at N.5A and Sr s is the lateral flow (SF-05).

Water allocation ratio (r,) of WD-04

Ws 04

(7)

T = -———
a.04 Qn.741Qy.17+SF 06

where W4 is the water extraction of WD-04, Qn.za is the stream
flow at N.7A, Qy17 is the stream flow at Y.17 and Sres is
the lateral flow (SF-06).

Water allocation ratio (r,) of WD-05

Ws o5
QN.671tQp.17+SF 07

(8)

Ta 05 =

where Ws s is the water extraction of WD-05, Qns7 is the stream
flow at N.67, Qv.17 is the stream flow at P.17 and Sk g7 is the
lateral flow (SF-07).

Water allocation ratio (r,) of Chao Phraya Irrigation Project

Ws ch
Ta Nan = — 9)
- QC.2+st+Qup_chy

where Qcz is the stream flow at C.2, Q« is the lateral flow from
Sakaekang River basin. Wi ey is the water allocation of Chao
Phraya Irrigation and Quycny is the lateral flow from Upper

Chao Phraya River Basin.

From the flow network, the equation of net flow in each control point

can be derived as:

1)

2)

Control point N.12A :
Qn.124 = Osk + Sk 01 (10)

where Osk is the release of Sirikit Dam and Sk s is the lateral flow
from Nam Pad (0912).

Control point N.60 :

Qn.60= Qn.124 + Sk 02-PWAO1 11)
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where Sr gz is the lateral flow from Nan River Part 4/1 (0911/1),
Klong Tron (0913), and PWAQ1 is the pumping for
waterworks 01.

3) Control point N.27A :

Qn.27a= Qneo+ Sro3— Wi psi— Wi o1 (12)
Ws_psk = Fa_pskX (QN.GO + SF_03) (13)
W 01 = ra 01X (Qn.6o + Sk.o3— Wi psk) (14)

where Sroz is the lateral flow from Nan River Part 4/2 (0911/2),
Wi psk is the water extraction of Phitsanulok Irrigation Project
Wi 01 is the water extraction of WD-01, and rq psk is the water
allocation ratio of Phitsanulok Irrigation Project and rqo1 is

the water allocation ratio of WD-01.
4) Control point N.5A :
Qn.sa = Qnzza+ Sros— Ws 02— PWAO2 (15)
Wi 02 = Ta02X (Qn.274 + Sk 04) (16)

where Sroqis the lateral flow from Kwae Noi River Part 1 (0914/1),
Kwae Noi River Part 2 (0914/2), Kwae Noi River Part 3
(0914/3), Kwae Noi River Part 4 (0914/4) and Nam Phak
(0915), Ws 2 is the water extraction of WD-02 and rq gz is the
water allocation ratio of WD-02, PWAQ2 is the pumping for

waterworks 02.
5) Control point N.7A :
Qn.7a= Qnsa+ Skos— Wso3—- PWAO3 (17)
Wi 03 = ra03X (Qun.sa+ Sk 05) (18)

where Sg s is the lateral flow from Wang Thong River (0916), Ws o3
is the water extraction of WD-03 and r,e3 is the water
allocation ratio of WD-03, and PWAOQ3 is the pumping for

waterworks 03.
6) Control point N.67 :
Qn.67= Qn7a+ Qvi7+ Skos— Ws 93— PWAO4- PWAOS5 (19)

W 04 = ra_ 04X (Qn.7a + Qv.17+ Sk 06) (20)
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where Sr s is the lateral flow from Lower Nan River Part 1(0917/1),
Lower Nan River Part 2 (0917/2) and Lower Nan River Part 3
(0917/3), Wi o4 is the water extraction of WD-04 and ry o4 is
the water allocation ratio of WD-04, and PWA04 and PWAO5
the pumping for waterworks 04 and 05.

7) Control point C.2 :

Qcz=Qnes7+ Qpi17+ Sko7— Ws 9s— PWAO6 (21)
Qr17=0sp+ Qwaa+ Sk.1p— LOSS (22)
Ws 04 =Trq 04X (QN.67 + Qv+ 5F_07) (23)

where Sro7is the lateral flow from Lower Nan River Part 4 (0917/4),
W; s is the water extraction of WD-04, Ogp is the release
from Bhumibol Dam, Qw. is the stream flow at W.4A, Sp.pis
the lateral flow of Lower Ping River Basin, Loss is the water
loss in Lower Ping River Basin and rqos is the water
allocation ratio of WD-04, and PWAOQ6 is the pumping for

waterworks 06.
8) Water deficit of the Phitsanulok Irrigation Project (PSK) :
Dpsg = VVs_psk_ Wd_psk (24)

where Wi ps and Wa psk is the water extraction of Phitsanulok

Irrigation Project, respectively.

9) Water deficit of the Chao Phraya lIrrigation Project (CHY) can be
considered from the water supply of Nan and Ping River Basin and

the water demand of Chao Phraya Irrigation Project as follows.
DChy v Ws_chy N Wd_chy (25)
Ws_chy: Fa_chy X (QC.Z + Qup_chy+ st - PWAO7 -MWA - Qeco] (26)

where Dy is the total water deficit of Chao Phraya Irrigation
Project. Wscny and Wacn is the water extraction of Chao
Phraya Irrigation Project, respectively. rocny is the water
allocation ratio for Chao Phraya Irrigation Project, Qczis the
stream flow at C.2, Qupeary is the lateral flow from Upper
Chao Phraya River Basin, Qe is the flow for ecosystem,
PWAOQ7 is the pumping for waterworks 07, and MWA is the
pumping of MWA.



371

Upper Nan River
Basin
Sirikit
Dam
Nam Pad (SF-01)
N.12A
Nan River Part N O
4/1(SF-02/1) o

Nan River Part

CP.01
Klong Tron (SF-02/2)
: N.60

4/2
(SF-03) L (woo)
B N.27A Kwae Noi
< River and (SF-04)
Yom River Nam Phak
WD-02
‘ B N.5A
Phisanulok
Ping River Iirigation . O War;_\c;'.]l Thong
Basin Project _m Iver (SF-05)
(W, o) CP.03
M
Bhumibol Dam N.7A Lower Nan
Wapg e O ruee '
[ FwAss |
Y17 i
W.4A —= il N.67 Lower N
LowerPing O  River Part 2
SO ma ] (SFO7)
B i C.2
Sakae Krang _ Ct8
River Basin O B .30 >
Upper Chao Phraya O i— S PWADT
River Basin C.13 Chao Phraya 7} A Reservoir
Diversion Dam The Great B Control point
[PWA-07.2 ¢ ChaoPhraya|  (O) Subbasin
MWA  —o| Iglfo?gg‘n [ Large irrigation projects
T — Considered flows
: — —» Neglected flows
- - ————

Gulf of Thailand

Figure F.1 The flow network of water

resources system of Nan River Basin



Table F.1 The water allocation ratio of Phitsanulok Irrigation Project

372

Water | Monthly Allocation ratio
season level May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
High higher 0.16 0.02 0.04 0.09 0.02 0.01 0.13 0.07 0.24 0.19 0.15 0.16
high 0.16 0.02 0.04 0.09 0.02 0.15 0.30 0.12 0.16 0.19 0.15 0.16
medium 0.16 0.02 0.04 0.09 0.10 0.18 0.30 0.12 0.16 0.16 0.15 0.16
low 0.17 0.02 0.11 0.15 0.04 0.18 0.30 0.12 0.16 0.16 0.15 0.15
lower 0.17 0.02 0.08 0.36 0.04 0.18 0.30 0.12 0.16 0.16 0.15 0.15
Normal | higher 0.16 0.02 0.12 0.08 0.12 0.13 0.14 0.02 0.25 0.21 0.15 0.15
high 0.16 0.02 0.12 0.08 0.10 0.21 0.13 0.05 0.20 0.21 0.15 0.15
medium 0.16 0.02 0.12 0.17 0.16 0.24 0.32 0.04 0.22 0.21 0.16 0.15
low 0.15 0.02 0.10 0.21 0.11 0.43 0.32 0.04 0.22 0.21 0.16 0.14
lower 0.15 0.02 0.13 0.17 0.33 0.43 0.32 0.04 0.22 0.21 0.16 0.14
Dry higher 0.21 0.03 0.20 0.23 0.26 0.03 0.26 0.05 0.32 0.24 0.10 0.12
high 0.21 0.03 0.20 0.23 0.26 0.25 0.26 0.05 0.32 0.24 0.10 0.12
medium 0.21 0.03 0.20 0.23 0.22 0.44 0.24 0.04 0.17 0.14 0.10 0.12
low 0.12 0.02 0.13 0.16 0.20 0.44 0.24 0.04 0.17 0.14 0.10 0.10
lower 0.12 0.01 0.09 0.16 0.20 0.44 0.24 0.04 0.17 0.14 0.10 0.10
Very higher 0.12 0.02 0.04 0.13 0.03 0.34 0.29 0.01 0.11 0.14 0.13 0.19
Dry high 0.12 0.02 0.04 0.13 0.03 0.43 0.29 0.01 0.11 0.14 0.13 0.19
medium 0.12 0.02 0.04 0.13 0.03 0.43 0.29 0.01 0.11 0.14 0.13 0.19
low 0.12 0.02 0.04 0.13 0.26 0.43 0.29 0.06 0.04 0.04 0.03 0.19
lower 0.03 0.01 0.03 0.13 0.26 0.43 0.29 0.06 0.04 0.04 0.03 0.05
Table F.2 The water allocation ratio of WD-01
Water | Monthly Allocation ratio
season level May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
High higher 0.17 0.19 0.23 0.12 0.12 0.03 0.12 0.21 0.18 0.21 0.22 0.23
high 0.17 0.19 0.23 0.12 0.09 0.04 0.04 0.31 0.19 0.16 0.17 0.23
medium 0.13 0.15 0.17 0.09 0.06 0.09 0.04 0.31 0.24 0.16 0.18 0.18
low 0.05 0.15 0.19 0.14 0.11 0.12 0.04 0.31 0.24 0.22 0.24 0.32
lower 0.06 0.19 0.23 0.00 0.11 0.12 0.04 0.31 0.24 0.22 0.24 0.32
Normal | higher 0.10 0.26 0.21 0.06 0.00 0.06 0.10 0.29 0.01 0.16 0.07 0.13
high 0.10 0.26 0.21 0.06 0.06 0.03 0.19 0.26 0.17 0.12 0.07 0.13
medium 0.08 0.19 0.21 0.21 0.12 0.08 0.24 0.22 0.16 0.18 0.23 0.10
low 0.14 0.19 0.20 0.19 0.09 0.00 0.24 0.22 0.21 0.24 0.30 0.22
lower 0.20 0.17 0.22 0.12 0.02 0.00 0.24 0.22 0.21 0.24 0.30 0.22
Dry higher 0.00 0.07 0.22 0.15 0.19 0.20 0.31 0.31 0.07 0.20 0.28 0.17
high 0.00 0.07 0.22 0.15 0.19 0.24 0.23 0.23 0.05 0.15 0.28 0.17
medium 0.00 0.07 0.22 0.12 0.03 0.40 0.18 0.18 0.15 0.18 0.21 0.13
low 0.10 0.19 0.13 0.15 0.11 0.40 0.24 0.24 0.20 0.24 0.28 0.30
lower 0.13 0.35 0.33 0.15 0.11 0.40 0.24 0.24 0.20 0.24 0.28 0.40
Very higher 0.25 0.15 0.17 0.06 0.00 0.22 0.10 0.05 0.05 0.20 0.25 0.34
Dry high 0.25 0.15 0.17 0.06 0.00 0.20 0.10 0.05 0.05 0.20 0.25 0.34
medium 0.25 0.15 0.17 0.04 0.00 0.15 0.10 0.04 0.04 0.20 0.25 0.34
low 0.19 0.11 0.13 0.11 0.14 0.20 0.10 0.04 0.17 0.24 0.13 0.34
lower 0.10 0.12 0.30 0.11 0.14 0.20 0.10 0.04 0.17 0.24 0.13 0.20




Table F.3 The water allocation ratio of WD-02
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Water | Monthly Allocation ratio
season level May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
High higher 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.02 0.03 0.01
high 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.02 0.03 0.01
medium 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.10 0.03 0.01
low 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.10 0.03 0.02
lower 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.05 0.10 0.03 0.02
Normal | higher 0.04 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.04 0.05
high 0.04 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.05
medium 0.04 0.01 0.02 0.01 0.00 0.03 0.00 0.00 0.04 0.02 0.02 0.05
low 0.01 0.01 0.02 0.01 0.02 0.00 0.00 0.00 0.04 0.02 0.02 0.02
lower 0.01 0.01 0.02 0.02 0.02 0.00 0.00 0.00 0.04 0.02 0.02 0.02
Dry higher 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05 0.03 0.04
high 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05 0.03 0.04
medium 0.05 0.05 0.00 0.00 0.00 0.00 0.01 0.02 0.06 0.05 0.03 0.04
low 0.01 0.01 0.01 0.02 0.00 0.00 0.01 0.02 0.06 0.05 0.03 0.00
lower 0.01 0.00 0.00 0.02 0.00 0.00 0.01 0.02 0.06 0.05 0.03 0.00
Very higher 0.03 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.10 0.06 0.08 0.04
Dry high 0.03 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.10 0.06 0.08 0.04
medium 0.03 0.00 0.02 0.00 0.00 0.00 0.02 0.00 0.10 0.06 0.08 0.04
low 0.03 0.00 0.02 0.00 0.00 0.00 0.02 0.02 0.10 0.10 0.02 0.04
lower 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.10 0.10 0.02 0.15
Table F.4 The water allocation ratio of WD-03
Water | Monthly Allocation ratio
season level May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
High higher 0.02 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.01 0.03 0.01
high 0.02 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.01 0.03 0.01
medium 0.02 0.01 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01
low 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01
lower 0.00 0.01 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01
Normal | higher 0.03 0.03 0.01 0.00 0.02 0.00 0.00 0.00 0.01 0.03 0.04 0.03
high 0.03 0.03 0.01 0.00 0.00 0.01 0.01 0.01 0.03 0.03 0.04 0.03
medium 0.03 0.03 0.01 0.02 0.01 0.00 0.00 0.01 0.08 0.04 0.02 0.03
low 0.02 0.01 0.04 0.00 0.01 0.00 0.00 0.01 0.08 0.04 0.02 0.03
lower 0.03 0.03 0.02 0.08 0.01 0.00 0.00 0.01 0.08 0.04 0.02 0.03
Dry higher 0.08 0.09 0.04 0.01 0.01 0.00 0.01 0.02 0.14 0.17 0.09 0.06
high 0.08 0.09 0.04 0.01 0.01 0.00 0.01 0.02 0.14 0.17 0.09 0.06
medium 0.08 0.09 0.04 0.01 0.00 0.00 0.02 0.02 0.09 0.11 0.09 0.06
low 0.04 0.04 0.04 0.03 0.00 0.00 0.02 0.02 0.09 0.11 0.09 0.07
lower 0.04 0.00 0.01 0.03 0.00 0.00 0.02 0.02 0.09 0.11 0.09 0.07
Very higher 0.54 0.03 0.08 0.02 0.00 0.00 0.02 0.01 0.08 0.14 0.12 0.13
Dry high 0.54 0.03 0.08 0.02 0.00 0.00 0.02 0.01 0.08 0.14 0.12 0.13
medium 0.54 0.03 0.08 0.02 0.00 0.00 0.02 0.01 0.08 0.14 0.12 0.13
low 0.54 0.03 0.08 0.05 0.50 0.00 0.02 0.01 0.11 0.13 0.06 0.13
lower 0.05 0.22 0.20 0.05 0.50 0.00 0.02 0.01 0.11 0.13 0.06 0.09




Table F.5 The water allocation ratio of WD-04
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Water | Monthly Allocation ratio
season level May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
High higher 0.07 0.10 0.08 0.15 0.22 0.07 0.02 0.05 0.15 0.14 0.13 0.16
high 0.06 0.10 0.01 0.15 0.38 0.12 0.03 0.04 0.08 0.11 0.05 0.11
medium 0.06 0.10 0.01 0.15 0.38 0.12 0.00 0.07 0.15 0.11 0.05 0.11
low 0.06 0.10 0.01 0.15 0.18 0.03 0.00 0.07 0.15 0.24 0.16 0.11
lower 0.08 0.10 0.10 0.19 0.10 0.03 0.00 0.07 0.15 0.24 0.16 0.34
Normal | higher 0.08 0.10 0.07 0.09 0.10 0.03 0.00 0.07 0.15 0.24 0.16 0.34
high 0.14 0.08 0.11 0.21 0.44 0.21 0.01 0.08 0.17 0.15 0.06 0.14
medium 0.14 0.08 0.11 0.21 0.11 0.06 0.01 0.06 0.17 0.15 0.06 0.14
low 0.14 0.08 0.11 0.03 0.08 0.02 0.04 0.01 0.16 0.18 0.15 0.14
lower 0.08 0.19 0.15 0.09 0.02 0.00 0.04 0.01 0.16 0.18 0.15 0.07
Dry higher 0.34 0.01 0.05 0.03 0.00 0.00 0.04 0.01 0.16 0.18 0.15 0.07
high 0.07 0.05 0.06 0.03 0.03 0.00 0.00 0.01 0.15 0.00 0.12 0.08
medium 0.07 0.05 0.06 0.03 0.03 0.01 0.00 0.01 0.15 0.00 0.12 0.08
low 0.07 0.05 0.06 0.03 0.12 0.00 0.00 0.05 0.17 0.20 0.12 0.08
lower 0.10 0.13 0.04 0.05 0.01 0.00 0.00 0.05 0.17 0.20 0.12 0.32
Very higher 0.10 0.01 0.20 0.05 0.01 0.00 0.00 0.05 0.17 0.20 0.12 0.32
Dry high 0.35 0.02 0.00 0.11 0.09 0.01 0.00 0.03 0.16 0.33 0.23 0.06
medium 0.35 0.02 0.00 0.11 0.09 0.00 0.00 0.03 0.16 0.33 0.23 0.06
low 0.35 0.02 0.00 0.11 0.09 0.00 0.00 0.03 0.16 0.33 0.23 0.06
lower 0.35 0.02 0.00 0.02 0.01 0.00 0.00 0.01 0.10 0.24 0.28 0.06
Table F.6 The water allocation ratio of WD-05
Water | Monthly Allocation ratio
season level May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
High higher 0.21 0.14 0.02 0.13 0.02 0.10 0.06 0.08 0.23 0.13 0.23 0.18
high 0.21 0.14 0.02 0.13 0.02 0.02 0.02 0.12 0.14 0.13 0.23 0.18
medium 0.21 0.14 0.02 0.13 0.20 0.33 0.02 0.12 0.14 0.17 0.13 0.18
low 0.18 0.14 0.13 0.09 0.23 0.33 0.02 0.12 0.14 0.17 0.13 0.01
lower 0.18 0.14 0.16 0.16 0.23 0.33 0.02 0.12 0.14 0.17 0.13 0.01
Normal | higher 0.21 0.16 0.16 0.09 0.00 0.08 0.15 0.08 0.10 0.14 0.17 0.18
high 0.21 0.16 0.16 0.09 0.09 0.05 0.12 0.20 0.13 0.14 0.17 0.18
medium 0.21 0.16 0.16 0.12 0.11 0.27 0.26 0.14 0.19 0.13 0.17 0.18
low 0.17 0.10 0.14 0.10 0.14 0.38 0.26 0.14 0.19 0.13 0.17 0.07
lower 0.18 0.22 0.13 0.21 0.43 0.38 0.26 0.14 0.19 0.13 0.17 0.07
Dry higher 0.06 0.02 0.00 0.09 0.05 0.03 0.11 0.00 0.36 0.26 0.15 0.14
high 0.06 0.02 0.00 0.09 0.05 0.08 0.11 0.00 0.36 0.26 0.15 0.14
medium 0.06 0.02 0.00 0.09 0.09 0.11 0.18 0.10 0.14 0.17 0.15 0.14
low 0.19 0.16 0.13 0.16 0.05 0.11 0.18 0.10 0.14 0.17 0.15 0.08
lower 0.19 0.13 0.06 0.16 0.05 0.11 0.18 0.10 0.14 0.17 0.15 0.08
Very higher 0.06 0.01 0.18 0.26 0.19 0.01 0.28 0.11 0.17 0.16 0.23 0.06
Dry high 0.06 0.01 0.18 0.26 0.19 0.01 0.28 0.11 0.17 0.16 0.23 0.06
medium 0.06 0.01 0.18 0.26 0.19 0.34 0.28 0.11 0.17 0.16 0.23 0.06
low 0.06 0.01 0.18 0.12 0.03 0.34 0.28 0.00 0.12 0.18 0.19 0.06
lower 0.18 0.11 0.24 0.12 0.03 0.34 0.28 0.00 0.12 0.18 0.19 0.34




Table F.7 The water allocation ratio of Chao Praya Irrigation Project
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Water | Monthly Allocation ratio

season level May Jun Jul Aug Sep | Oct | Nov | Dec | Jan Feb | Mar Apr

High higher 0.34 0.38 0.35 0.27 | 0.21 0.12 0.17 0.41 0.87 0.86 0.81 0.86
high 0.34 0.38 0.35 0.49 | 0.49 0.58 0.37 0.41 0.87 0.86 0.81 0.86
medium 0.72 0.50 0.67 0.65 | 0.49 0.58 0.88 0.53 0.87 0.86 0.81 0.86
low 0.84 0.75 0.85 0.65 | 0.49 0.58 0.88 0.76 0.87 0.86 0.84 0.89
lower 0.84 0.75 0.85 0.65 | 0.49 0.58 0.88 0.85 0.84 0.86 0.86 0.85

Normal | higher 0.60 0.28 0.34 0.24 | 0.33 0.35 0.19 0.28 0.57 0.44 0.60 0.81
high 0.60 0.44 0.50 0.64 | 0.72 0.63 0.63 0.28 0.72 0.66 0.71 0.81
medium 0.83 0.60 0.70 0.81 | 0.72 | 0.63 | 090 | 0.71 | 0.87 | 0.89 | 0.82 0.81
low 0.80 0.79 0.79 0.81 | 0.72 0.63 0.78 0.66 0.87 0.81 0.81 0.80
lower 0.82 0.91 0.79 0.81 | 0.72 | 063 | 078 | 085 | 0.72 | 0.81 | 0.1 0.82
higher 0.65 0.40 0.58 0.42 | 0.37 0.17 0.16 0.17 0.73 0.84 0.83 0.80
high 0.65 0.43 0.57 0.60 | 0.72 | 0.69 | 0.75 | 0.17 | 0.73 | 0.84 | 0.83 0.80
medium 0.73 0.80 0.66 0.80 | 0.72 0.69 0.75 0.63 0.73 0.84 0.81 0.80
low 0.73 0.66 0.77 0.84 | 0.72 | 0.69 | 075 | 079 | 0.73 | 0.84 | 0.78 0.80
lower 0.74 0.78 0.70 0.84 | 0.72 0.69 0.75 0.79 0.69 0.73 0.86 0.74

Very higher 0.08 0.38 0.40 0.60 | 038 | 0.34 | 081 | 067 | 0.74 | 0.75 | 0.77 0.74
high 0.08 0.16 0.58 0.72 | 0.80 0.34 0.81 0.67 0.74 0.75 0.77 0.74
medium 0.78 0.50 0.77 0.72 | 0.80 0.34 0.86 0.78 0.74 0.75 0.77 0.74
low 0.68 0.83 0.73 0.72 | 0.80 0.34 0.86 0.81 0.74 0.75 0.66 0.70
lower 0.68 0.67 0.69 0.72 | 0.80 | 0.34 | 086 | 081 | 061 | 0.63 | 0.63 0.54

F.2 Water balance model calibration

The water balance model was calibrated in year 1979 — 2006. The
side flow from the rainfall-runoff model and actual release of Sirikit Dam would
be used as the input variables in this calibrating stage. Hence, the water balance
model was necessary to calibrate the flow volume that will be considered on the
net flow at control point. The control points locate on the main Nan river
include N.12A at Ban Hat Phai, Uttaradit, N.60 at Ban Hat Song Khwae, Uttaradit,
N.27A at Phrom Phiram, Phitsanulok, N.5A at Muang, Phitsanulok, N.7A at Ban Rat
Chang Kwan, Phichit, N.67 at Ban Goey Chai, Nakornsawan and C.2 at Ban Phai

Lom, Nakornsawan.

The net flow of each control would be balancing the water
extraction volume and the side flow. Here, the water extraction is the unknown
values, so the solving in this stage is to attempt balancing the net flow along the
main river in the water resources system. Due to the observed runoff data is

quite incompletely in some years, the data extrapolation will be used to deal




376

with this problem. The data extrapolation is to find some relationship between
each control point by using linear regression method. The comparison of
observed and simulated runoff of 6 runoff stations under the downstream of
Sirikit Dam (on the main Nan River), C.2 and C.13 show as Figure F.2 and F.3,
respectively. The goodness of fit test of water balance model calibration was
shown as Table F.6. The correlation (R') is in range 0.79 — 0.96, the root mean
square error (RMSE) is in range 116.71 - 505.19 MCM/month and the standard
error (SE) is in range 113.87 — 492.60 MCM/month.

Table F.6 The goodness of fit test of water balance model in model calibration stage

2

Runoff station R RMSE SE
N.12A 0.71 133.28 130.37
N.60 0.79 138.53 128.58
N.27A 0.82 116.71 115.29
N.5A 0.91 115.65 113.87
N.7A 0.95 121.86 121.40
N.67 0.90 294.75 296.23
C2 0.89 505.19 492.60
C.13 0.75 739.82 653.96
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Figure F.2 The comparison of observed and simulated runoff at the control point of
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F.3 Water balance model validation

The water balance model could be verified by balancing the
runoff or net flow in year 2007 — 2011. The solving algorithm was used the same
method as model calibration. From the results, this water balance model can be
implied to use for balancing the net flow in this study as well. The comparison of
observed and simulated runoff of 6 runoff stations under the downstream of
Sirikit Dam (on the main Nan River), C.2 and C.13 are shown as Figure F.4 and F.5,
respectively. The goodness of fit indices of water balance model validation was
shown as Table F.7. The correlation (RZ) is in range 0.71 — 0.95, the root mean
square error (RMSE) is in range 82.24 — 254.35 MCM/month and the standard error
(SE) is in range 169.15 - 521.60 MCM/month.

Table F.7 The goodness of fit test of water balance in model validation stage

Runoff station R RMSE SE

N.12A 0.66 104.89 242.03
N.60 0.78 105.78 243.92
N.27A 0.83 86.95 169.15
N.5A 0.90 84.73 169.27
N.7A 0.93 82.24 173.78
N.67 0.85 220.53 365.63

c2 0.93 254.35 521.60
c13 0.81 962.93 867.10
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Figure F.8 The probability of annual accumulative runoff at the control points of Nan
River by ANFIS* reservoir operation
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Figure F.9 Probability of seasonal runoff of N.12A by general, flood, ANFIS* reservoir

operation
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Figure F.10 Probability of seasonal runoff of N.60 by general, flood, ANFIS* reservoir

operation
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Figure F.11 Probability of seasonal runoff of N.27A by general, flood, ANFIS* reservoir

operation
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Figure F.12 Probability of seasonal runoff of N.7A by general, flood,
operation

(f) ANFIS* — dry season
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Appendix G

Reservoir operation model program

G.1 ANFIS generation procedure

1) Prepare the state variables files and load data into the ANFIS toolbox in the
MATLAB program.

2) Generate ANFIS according to the ANFIS theory in Chapter 4 by ANFIS toolbox
in the MATLAB program follows as:

2.1) Generate FIS by following the steps as:
- Select the grid partition as the generating FIS method.

- For the input variables, assign the number of membership function (MFs) to

each input variable, and then select the trapezoidal MF type.
- For the output variable, select the linear MF type.
2.2) Select the hybrid optimization method.
2.3) FIS properties :
- For And method, select “prod”.
- For Or method, select “probor”.
- For the defuzzification, select the weighted average method.
- For FIS type, select “Sugeno FIS”.
2.4) For the fuzzy rule base, select connection as “and”.

3) Evaluate the ANFIS release functions by incorporating this ANFIS release
functions into reservoir operation model, and then verify the release results by the
goodness of fit test indices such as the correlation (R2), the root mean square error
(RMSE) and the standard error. The ANFIS release functions will call as the existing

reservoir operation rule.
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G.2 Reservoir operation model

% Water Balance for Sirikit Dam

%

% Input Variables for reservoir balance

% M1 = Month start from May

% M2 = Month start from June

% Infl = Inflow of Sirikit Dam, MCM/month

% Sfol = Side flow from Nan Pad river basin and Lower Nan part 4/1, MCM/month
% Rf11 = rainfall at surface are of Sirikit dam

% Eil = Evaporation, mm/month

% Rf21 = rainfall at downstream of Nan river basin area

% Wul = Water demand unit of rice in Phitsanulok Project, MCM/month
% Wu2 = Water demand unit of crop in Phitsanulok Project, MCM/month
% Ri = Release, MCM/day

% Rf = Rainfall, mm

%

% Water Balance Equation

%

% Sto = Stp + Inf - Ri - Ei

%

clear all; clc; close all;

% reservoir water balance for Sirikit dam

skdata = load(Input_SK wd.txt','%f");
M1

skdata(;,1);
M2

skdata(:,2);
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Infl = skdata(:,3);
Sfol = skdata(;,4);
Rf11 = skdata(:,5);
Fil = skdata(;,6);
Rf21 = skdata(:,7);
Wul = skdata(:,8);

Wu2 = skdata(;,9);

% Typel = Type of water season for reservoir release function

% Type2l = Type of water season for identify cultivated area

% Type22 = Sub Type of water season for identify cultivated area
%

Typel = zeros(301,1);
Type21 = zeros(301,1);
Type22 = zeros(301,1);
Ag = zeros(301,1);
Wwd1l = zeros(301,1);
Stpl = zeros(301,1);
Ri1 = zeros(301,1);
Spwl = zeros(301,1);
Ail = zeros(301,1);
Maxrell = zeros(301,1);
Minrell = zeros(301,1);
Estl = zeros(301,1);
Est0 = zeros(301,1);

Rt1 = zeros(301,1);
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% Initial value of storage at May 1979
Stpl(1) = 4244.7;

Ail(1) = 161.46;

Ess(1) = 4142.53;

% hval is the height-volume-area curve for Sirikit dam
% Voll is volume of Sirikit dam

% Levl is water level of Sirikit dam

% Areal is area of Sirikit dam

% Voldiffl is different between the volume interval

% Levdiffl is different between the water level interval

% Areadiffl is different between the area interval

hdata = load('hval.txt','%f");

Voll = hdata(;,1);
Levl = hdata(:,2);
Areal = hdata(;,3);

Voldiffl = hdata(;,4);

Levdiffl = hdata(:,5);
Areadiff1 = hdata(:,6);

hval = [Voll,LevlAreal Voldiffl,Levdiffl Areadiffl];

cdata = load('area.txt','%f);
Gr = cdata(;,1);
Area2 = cdata(;,2);

area = [Gr,Area2];
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i=2;
forii=1:300
if Stp1(ii)>= 2850
Est1(ii) = Stp1(ii) - 2850;
elseif Stp1(ii)< 2850
Est1(ii) = 2850 - Stp1(ii);

end

% Determine Type for release funtion and cultivated area (for initial
% condition)
if M2(ii) == 0 && Ess(1) <= 2033
Type21(ii) = 5;
elseif M2(ii) == 0 && Ess(1) > 2033 && Ess(1) <= 3826
Type21(ii) = 6;
elseif M2(ii) == 0 && Ess(1) > 3826 && Ess(1) <= 5767
Type21(ii) = 7,
elseif M2(ii) == 0 && Ess(1) > 5767
Type21(i) = 8;
end
% Determine Sub Type for cultivated area
% Determine the cultivated area for dry season (for initial
% condition)
if M2(ii) == 0 && Type21(ii) == 5 && Ess(1) > 2008
Type22(ii) = 51;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wul(ii)*Ag(ii) + Wu2(i)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 5 && Ess(1) > 1916 && Ess(1) <= 2008



395

Type22(ii) = 52,
Aglii) = vliookup(Type22(ii),area,?2);
Wd1(i) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 5 && Ess(1) <= 1916
Type22(ii) = 53;
Aglii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 6 && Ess(1) > 3173
Type22(ii) = 61;
Agl(ii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 6 && Ess(1) > 2512 && Ess(1)<= 3173
Type22(ii) = 62;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 6 && Ess(1) <= 2512
Type22(ii) = 63;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 7 && Ess(1) > 5328
Type22(ii) = 71;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
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Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 7 && Ess(1) > 4753 && Ess(1) <= 5328
Type22(ii) = 72;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 7 && Ess(1) <= 4753
Type22(i) = 73;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 8 && Ess(1) > 6590
Type22(ii) = 81;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 8 && Ess(1) > 6477 && Ess(1) <= 6590
Type22(ii) = 82,
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wul(ii)*Ag(ii) + Wu2(i)*31087;
Wd1(i) = Wd1(ii)/1000;
elseif M2(ii) == 0 && Type21(ii) == 8 && Ess(1) <= 6477
Type22(ii) = 83;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;

end
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if and(M2(ii) == 1,Est1(i-1) <= 648)
Type21(ii) = 1;

elseif M2(ii) == 1 && Est1(i-1) > 648 && Est1(i-1) <= 1381
Type21(i) = 2;

elseif M2(ji) == 1 && Est1(i-1) > 1381 && Est1(i-1) <= 2991
Type21(ii) = 3;

elseif M2(ii) == 1 && Est1(i-1) > 2991
Type21(i) = 4;

end

% Determine Sub Type for cultivated area
% Determine the cultivated area for wet season
if M2(ii) == 1 && Type21(ii) == 1 && Est1(i-1) > 480
Type22(i) = 11;
Agl(ii) = vlookup(Type22(ii),area,2);
wd1(i) = Wullii)*Ag(ii) + Wu2(i)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 1 && Type21(ii) == 1 && Est1(i-1) > 246 && Est1(i-1) <= 480
Type22(i) = 12;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wullii)*Ag(ii) + Wu2(i)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ji) == 1 && Type21(ii) == 1 && Est1(i-1) <= 246
Type22(ii) = 13;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wuli*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;

end
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if M2(ii) == 1 && Type21(ii) == 2 && Est1(i-1) > 1042
Type22(i) = 21;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 1 && Type21(ii) == 2 && Est1(i-1) > 737 && Est1(i-1) <= 1042
Type22(i) = 22;
Agl(ii) = vliookup(Type22(ii),area,?2);
Wd1(i) = Wuli*Aglii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 1 && Type21(ii) == 2 && Est1(i-1) <= 737
Type22(i) = 23;
Agl(ii) = vliookup(Type22(ii),area,?2);
Wd1(i) = Wul(i*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
end
if M2(i)) == 1 && Type21(ii) == 3 && Est1(i-1) > 2483
Type22(ii) = 31,
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*29479;
Wd1(i) = Wd1(ii)/1000;
elseif M2(ii) == 1 && Type21(ii) == 3 && Est1(i-1) > 1955 && Est1(i-1) <= 2483
Type22(ii) = 32;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ji) == 1 && Type21(ii) == 3 && Est1(i-1) <= 1955
Type22(ii) = 33;
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Aglii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii)*Ag(ii) + Wu2(ii)*29479;
Wd1(i) = Wd1(ii)/1000;
end
if M2(i)) == 1 && Type21(ii) == 4 && Est1(i-1) > 3609
Type22(ii) = 41;
Aglii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*As(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 1 && Type21(ii) == 4 && Est1(i-1) > 3107 && Est1(i-1) <= 3609
Type22(ii) = 42;
Agl(ii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 1 && Type21(ii) == 4 && Est1(i-1) <= 3107
Type22(ii) = 43;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
end
% Determine the cultivated area for wet season
if M2(i)) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 11
Type22(ii) = 11;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 12
Type22(i)) = 12;



Aglii) = vliookup(Type22(ii),area,?2);
Wd1(i) = Wuli*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 13
Type22(ii) = 13;
Aglii) = vliookup(Type22(ii),area,2);
Wd1(i) = Wuli*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 21
Type22(ii) = 21;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i)*Ag(ii) + Wu2(ii)*29479;
Wd1(i) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ji-1) == 22
Type22(ii) = 22;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(ii)*As(ii) + Wu2(i)*29479;
Wd1(i) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ji-1) == 23
Type22(ii) = 23;
Aglii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(ii)*Ag(ii) + Wu2(i)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 31
Type22(ii) = 31;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(ii)*Ag(ii) + Wu2(i)*29479;
Wd1(ii) = Wd1(ii)/1000;

400



elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 32
Type22(ii) = 32,
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 33
Type22(i) = 33;
Agl(ii) = vliookup(Type22(ii),area,?2);
Wd1(i) = Wulli*Aglii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 41
Type22(ii) = 41,
Agl(ii) = vliookup(Type22(ii),area,?2);
Wd1(i) = Wul(i*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ji-1) == 42
Type22(ii) = 42,
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) >= 2 && M2(ii) <= 6 && Type22(ii-1) == 43
Type22(ii) = 43;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*29479;
Wd1(ii) = Wd1(ii)/1000;

end

% Determine Type for release funtion and cultivated area

401
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if  M2(ii) == 7 && Estl(i-1) <= 2033
Type21(ii) = 5;
elseif M2(ii) == 7 && Est1(i-1) > 2033 && Estl1(i-1) <= 3826
Type21(ii) = 6;
elseif M2(ii) == 7 && Est1(i-1) > 3826 && Estl(i-1) <= 5767
Type21(ii) = 7;
elseif M2(ii) == 7 && Est1(i-1) > 5767
Type21(ii) = 8;
end
% Determine Sub Type for cultivated area
% Determine the cultivated area for dry season
if M2(i)) == 7 && Type21(ii) == 5 && Est1(i-1) > 2008
Type22(ii) = 51;
Agl(ii) = vlookup(Type22(ii),area,2);
wd1(i) = Wul(ii)*Ag(ii) + Wu2(i)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 5 && Est1(i-1) > 1916 && Est1(i-1) <= 2008
Type22(ii) = 52,
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wul(ii)*Ag(ii) + Wu2(i)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 5 && Est1(i-1) <= 1916
Type22(ii) = 53;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i)*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ji) == 7 && Type21(ii) == 6 && Est1(i-1) > 3173
Type22(ii) = 61,
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Aglii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
Wd1(i) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 6 && Est1(i-1) > 2512 && Est1(i-1) <= 3173
Type22(ii) = 62;
Aglii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 6 && Estl(i-1) <= 2512
Type22(ii) = 63;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 7 && Est1(i-1) > 5328
Type22(ii) = 71;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 7 && Est1(i-1) > 4753 && Est1(i-1) <= 5328
Type22(i) = 72;
Aglii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Aglii) + Wu2(ii)*31087;
Wd1(i) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 7 && Est1(i-1) <= 4753
Type22(ii) = 73;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
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elseif M2(ii) == 7 && Type21(ii) == 8 && Est1(i-1) > 6590
Type22(ii) = 81,
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 8 && Est1(i-1) > 6477 && Est1(i-1) <= 6590
Type22(ii) = 82,
Agl(ii) = vliookup(Type22(ii),area,?2);
Wd1(i) = Wulli*Aglii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) == 7 && Type21(ii) == 8 && Est1(i-1) <= 6477
Type22(ii) = 83;
Agl(ii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;

end

% Determine Sub Type for cultivated area

% Determine the cultivated area for dry season

if M2(i)) > 7 && M2(ii) <= 12 && Type22(ii-1) == 51
Type22(ii) = 51;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;

elseif M2(ii) > 7 && M2(ii) <= 12 && Type22(jii-1) == 52
Type22(ii) = 52,

Aglii) = vliookup(Type22(ii),area,2);



Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;

elseif M2(ii) > 7 && M2(ii) <= 12 && Type22(ii-1) == 53

Type22(ii) = 53;

Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wul(ii)*Ag(ii) + Wu2(i)*31087;
Wd1(ii) = Wd1(ii)/1000;

elseif M2(il) > 7 && M2(i) <= 12 && Type22(ii-1) == 61

Type22(ii) = 61;

Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;

elseif M2(il) > 7 && M2(i) <= 12 && Type22(ii-1) == 62

Type22(i)) = 62;

Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;

elseif M2(ii) > 7 && M2(ii) <= 12 && Type22(ii-1) == 63

Type22(ii) = 63;

Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(i)*31087,
Wd1(ii) = Wd1(ii)/1000;

elseif M2(ii) > 7 && M2(ji) <= 12 && Type22(ii-1) == 71

Type22(ii) = 71;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(i) = Wul(ii)*Ag(ii) + Wu2(i)*31087;

Wd1(ii) = Wd1(ii)/1000;

elseif M2(i)) > 7 && M2(i)) <= 12 && Type22(jii-1) == 72
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Type22(i) = 72,
Aglii) = vliookup(Type22(ii),area,?2);
Wd1(i) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) > 7 && M2(ii) <= 12 && Type22(ii-1) == 73
Type22(i) = 73;
Aglii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) > 7 && M2(ii) <= 12 && Type22(ii-1) == 81
Type22(ii) = 81;
Aglii) = vliookup(Type22(ii),area,?2);
Wd1(ii) = Wul(ii*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) > 7 && M2(ii) <= 12 && Type22(ii-1) == 82
Type22(ii) = 82
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wul(i*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;
elseif M2(ii) > 7 && M2(ii) <= 12 && Type22(ii-1) == 83
Type22(ii) = 83;
Agl(ii) = vlookup(Type22(ii),area,2);
Wd1(ii) = Wulli*Ag(ii) + Wu2(ii)*31087;
Wd1(ii) = Wd1(ii)/1000;

end

%Determine release function in each water season
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if and(M1(ii) == 1,Est1(ii) < 648)

fismat = readfis('Verydry wet');

Typel(i) =1;

Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfol1(i) Rf21(i) Wd1(ii)],fismat);
elseif M1(ii) == 1 && Est1(ii) > 648 && Est1(ii) <= 1381

fismat = readfis('Dry wet');

Typel(ii) = 2

Ril(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) Rf21(ii) Wd1(iD],fismat);
elseif M1(ii) == 1 && Est1(ii) > 1381 && Est1(ii) <= 2991

fismat = readfis(Normal wet);

Typel(ii) = 3;

Ril(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) Rf21(i)) Wd1(i],fismat);
elseif M1(i)) == 1 && Est1(ii) > 2991

fismat = readfis('High_wet);

Typel(i) = 4,

Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) Rf21(ii) Wd1(ii)],fismat);

end

if M1(i) >= 2 && M1(i) <= 6 && Typel(ii-1) ==

fismat = readfis('Verydry wet');

Typel(ii) = 1;

Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) Rf21(ii) Wd1(ii)],fismat);
elseif M1(ii) >= 2 && M1(ii) <= 6 && Typel(ii-1) == 2

fismat = readfis(Dry_wet);

Typel(ii) = 2;

Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfo1(ii) Rf21(ii) Wd1(ii)],fismat);
elseif M1(ii) >= 2 && M1(ii) <= 6 && Typel(ii-1) == 3

fismat = readfis(Normal wet');
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Typel(ii) = 3;
Ril(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) Rf21(i)) Wd1(i],fismat);
elseif M1(ii) >= 2 && M1(ii) <= 6 && Typel(ii-1) == 4
fismat = readfis('High wet);
Typel(ii) = 4;
Ril(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) Rf21(i)) Wd1(iD],fismat);
end
if M1(3ii) == 7 && Est1(ii) <= 2033
fismat = readfis('Verydry dry");
Typel(ii) = 5;
Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfol1(i) Rf21(Gi) Wd1(i)],fismat);
elseif M1(i)) == 7 && Est1(i)) > 2033 && Est1(ii) <= 3826
fismat = readfis(Dry_dry');
Typel(ii) = 6;
Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfo1(ii) Rf21(ii) Wd1(iD],fismat);
elseif M1(ii) == 7 && Est1(ii) > 3826 && Est1(ii) <= 5767
fismat = readfis(Normal_dry");
Typel(i) = 7,
Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfo1(ii) Rf21(ii) Wd1(ii)],fismat);
elseif M1(i)) == 7 && Est1(i)) > 5767
fismat = readfis('High dry);
Typel(ii) = 8;
Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) RF21(ii) Wd1(ii)] fismat);
end
if M1(3i)) > 7 && M1(ii)) <= 12 && Typel(ii-1) == 5
fismat = readfis(Verydry dry’);
Typel(i) = 5;
Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) RF21(ii) Wd1(iD],fismat);
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elseif M1(ii) > 7 && M1(ii) <= 12 && Typel(ii-1) == 6
fismat = readfis(Dry dry');
Typel(ii) = 6;
Ri1(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(i) Rf21(ii) Wd1(ii)],fismat);
elseif M1(ii) > 7 && M1(ii) <= 12 && Typel(ii-1) ==
fismat = readfis(Normal dry");
Typel(i) = 7;
RiL(ii) = evalfis([Est1(ii) InfL(ii) Sfol(ii) RF21(ii) Wd1(i],fismat);
elseif M1(ii) > 7 && M1(ii) <= 12 && Typel(ii-1) ==
fismat = readfis('High_dry");
Typel(ii) = 8;
Ril(ii) = evalfis([Est1(ii) Inf1(ii) Sfol(ii) Rf21(i) Wd1(iil,fismat);
end
if Typel(ii) ==
Maxrel1(ii) = 735.7;
Minrel1(ii) = 11.4;
elseif Typel(ii) ==
Maxrel1(ii) = 1830.5;
Minrel1(ii) = 42;
elseif Typel(i) == 3
Maxrel1(ii) = 1061.7;
Minrel1(ii) = 64.3;
elseif Typel(i) == 4
Maxrel1(ii) = 1280.5;
Minrel1(ii) = 42.9;
elseif Typel(i) == 5
Maxrel1(ii) = 655.5;
Minrel1(ii) = 45.6;



elseif Typel(i) == 6
Maxrel1(ii) = 997.3;
Minrel1(ii) = 47.6;
elseif Typel(ii) ==
Maxrel1(ii) = 1006.4;
Minrel1(ii) = 40.5;
elseif Typel(i) == 8
Maxrel1(ii) = 1384.9;
Minrel1(ii) = 186.8;
end
%check maximum release
if Ri1(i)) > Maxrel1(ii)
Ri1(ii) = Maxrel1(ii);
elseif and(Ri1(ii) <= Maxrel1(ii),Ri1(ii) > Minrel1(ii))
Ri1(ii) = Ri1(ii);
elseif Ril(ii) <= Minrel1(i);
Ri1(ii) = Minrel1(i);
end
Rf11(ii) = 0.25*Rf11(ii)*Ai1(ii)/1000;
Ei1(ii) = 0.78*Ei1(ii)*Ai1(ii)/1000;
Stp1(ii+1) = Stpl(ii) + Inf1(i) + RfL1Gi) - Eil(i) - Ri1(ii);

Ail(ii+1) = (Stpl(i+1) - viookup(Stp1(ii+1),hval,1))*viookup(Stp1(ii+...

1),hvatl,6)/vlookup(Stp1(ii+1),hval,d)+viookup(Stp1(ii+1),hval,3);

%check water release for the flood control

if Stpl(ii+1) >= 9485
Spwl(ii) = Stpl(ii+1) - 9485;
Stpl(ii+1) = Stpl(ii+1) - Spwiii);
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end
Rt1(i-1) = Spw(ii) + Ril(ii);
i =i+

end

CalALL = [Stpl Estl Typel Type22 Ag Wd1 Ril Maxrell Minrell Spw1 Rt1];

save Result SK.txt -ascii -tabs CalALL
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