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Figure 1-2: Existing and planing dams in study area 

 

Figure 1-3: Flowchart of existing and planing cascades of reservoir 

 

1.1.3. Introduction to Dautieng Reservoir 
One of the biggest irrigation construction systems in south of Vietnam, the 

Dautieng reservoir, was constructed in 1980 and completed in 1983 by the 

support under credit fund of World Bank (WB). It is in Tay Ninh Province, 
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Figure 1-4: Location of Saigon Basin and Dautieng reservoir 

1.2. Climate change and Global warming 

An emerging challenge facing the world is global warming, and thus 

climate change (CC). The evidence for global warming is compelling, with 

records showing that the global-average surface air temperature has risen by 

around 0.6oC since the beginning of the twentieth century (Figure 1-5), with 

about 0.4oC of this warming occurring since the 1970s. 1998 was the warmest 

year on record, and 11 of the 12 years from 1995 to 2006 rank among the 12 

warmest years (IPCC, 2007). 

According to the Intergovernmental Panel on Climate Change (IPCC, 

2007), the coastal countries of Southeast Asia are highly vulnerable to climate 

change. Of these, Vietnam has been ranked first in terms of population among 

ten countries and territories that could be impacted by sea level rise (SLR). In the 

past 50 years, the sea level has risen by 20cm at Hondau station in Hai Phong 

province. The data between 1979 and 2006 of Vung Tau gauge station pointed 
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out that the avarage sea level at this station has risen by 13 cm (Figure 1-6). 

Global climate change and SLR could alter the hydrodynamic characteristics of 

low-lying coastal areas such as the the Mekong River Delta (MRD). Hence, the 

morphological evolution of the Mekong River Estuaries is related to urgent 

challenges of sustainable development and protection of human society. 

Additionally, the results of global climate change scenarios studies show 

that the global average annual precipitation will increase despite various changes 

from region to region (referenve). One of these regions, rainfall intensity will rise 

in tropical and high latitude localities that experience in overall increases in 

precipitation. 

 

 

Figure 1-5: Global average temperature changes (IPCC/2007) 

 

Figure 1-6: Water level changes in 1979-2006 at Vungtau station 
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Particularly, the relevance to flooding, the expectation is that precipitation 

will be more variable and with greater extremes. Taking the Dong Nai-Saigon 

River Basin as an example of southern Vietnam, the climate will become warmer. 

The average annual temperature is expected to rise between 2.5oC to 3.7oC by 

2100s (Figure 1-7). Temperature rise will lead to changes in precipitation 

patterns, although, little change is predicted in the annual amount of precipitation. 

Most of the Dong Nai-Saigon River Basin is expected to be drier in the summer, 

with the greatest decreases in rainfall (up to 39%) in the south-east. Heavy 

rainfall will become more frequent, with intensities that are currently experienced 

around once every two years becoming between 5% and 20% heavier by the 

2100s (Figure 1-8, Figure 1-9). Storm events in the summer will become more 

intense and more frequent. 

 

 

Figure 1-7: Estimation of average tempurature rised up to 2100 
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Figure 1-8: Estimation of changes in annual precipitation up to 2100 

 

Figure 1-9: Estimtation of changing precipitation in wet season up to 2100  
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floods in 1952 and 2000. There was not any observed data that monitored, but 

they said that the ferocious flood of 1952 (estimated frequency of 2%) 

submerged nearly 70% area of HCMC. It seriously caused fatality and economic 

and social damages beyond estimated losses. Closely, the typical flood of 2000 

(estimated frequency of 5%) is remarked as the flooding events used for 

assessing inundated areas and damages in many studies. According to the 

observation and simulated results, the consequences of this flood dealt a big 

devastating blow to economy, property, as well as infrastructure.   

Moreover, the impact of tidal current considerably increases. In addition, 

salt water intrusion problems and lack of fresh water have been seriously 

happening on the Saigon River. In the study area, the leveling of low-lying land, 

flood embankments, tidal flooding prevention constructions, anti-salinity 

constructions have been continuously built along the river. They prevent the river 

current and tidal current overflowing, and water level of the high tide is raised, 

whereas that value of the low tide is declined. Besides, climate change - rising 

sea level are also an important factor which govern increase of salinity intrusion, 

flooding, and hamper flood drainage of the Plain of Reeds and HCMC. Extreme 

rainfall on the Dong Nai - Saigon River Basin in HCMC area, combining the 

high tides - rising sea levels will progressively put pressure on the drainage 

system and increased flooding to HCMC in the near future. The measured data of 

Phuan station, Phuan station (in HCMC) and Vungtau station, indicate that the 

water level has continuously risen from 2005 to now. To be specified, highest 

water level recorded in 61 years was 1.68m at Phuan station on October 20th 

2013, entailing a natural disaster of serious inundation to HCMC and causing 

fatality, severe economic and social damages. Furthermore, the feasibility study 

and the stormwater drainage systems with JICA (Japan International Cooperation 

Agency) assistance in the execution stage reveals inconsistencies when the 

rainfall storage areas are lower than tidal water level, hence tidal flooding 

happens in many parts of HCMC. Actually, the technical design of the project 
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- To construct a tool of vulnerability assessment based on GIS 

modeling to estimate flood damage to separate area types that caused 

by inundation to the downstream of the Dong Nai-Saigon River. The 

derived outcomes of loss estimation are the concrete basis for finding 

suitable ways to avoid the mistakes of past and build resilience into 

urban management, critical infrastructure investments and disaster 

risk mitigation measures in jurisdiction balance of sectors.  

- To apply the MIKE 21/3 Coupled Model FM included seaveral 

modules such as: the Mike 21 Hydrodynamic Module FM (Mike 21 

HD), the Spectral Wave FM Module (Mike 21 SW), and the Mud 

Transport Module (Mike 21 MT) to study the morphological evolution 

of the Tien River Estuaries under effects of sea level rise scenarios. 

1.5. Scope of study 

The scope of study is outlined the following points: 

- To apply hydrological models incorporated optimization search 

method to the Dong Nai-Saigon River Basin and evaluate 

effectiveness and performance of each model, then simulate and 

predict the outlet flow at Dautieng Reservoir. 

- To investigate optimizing the rule curves through modeling of 

reservoir operation incorporated a genetic algorithm with a penalty 

strategy. Next, make plan of reservoir operation based on water 

demands in context of climate change and water shortage. 

- To apply hydrodynamic model for simulating water level and 

discharge on river in attempt to address water level in downstream, 

and provide suitable measures for protecting the downstream of the 

Dong Nai-Saigon River Basin from inundation. 

- To design GIS-based modeling of flood vulnerability assessment to 

assess vulnerability and estimate economic damage of Cities in 
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downstream. This part is conducted to present a framework of flood 

risk assessment in attempt to identify and evaluate adaption options in 

the developing urban context located in downstream of cascade of 

reservoirs. 

- To apply the MIKE 21/3 Coupled Model FM to access the effects of 

sea level on sedimentation of the Tien River Estuaries under sea level 

rise scenarios. 
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however, relate the various storages to features of the natural process, and hence, 

his model can be fitted to a real watershed only by a trial-and-error process. The 

applicability of TANK to various conditions have been studied by many 

hydrologists (Balasubramaniam and Uddin, 1977). 

Nielsen and Hansen (1973) developed the NAM model. It is a relatively 

simple model for the prediction of runoff from rural catchments. A mathematical 

hydrological model like NAM is a set of linked mathematical statements 

describing, in a simplified quantitative form, the behavior of the land phase of the 

hydrological cycle. The NAM model is a so-called deterministic, conceptual, 

lumped type of model with moderate input data requirements. NAM model has 

'been applied to a number of catchments in different climatic regions of the world.  

Intahvong (1983) calculated the long-term average annual runoff for 

ungauged small rivers in Vientiane, Laos. He presented a simplified technique of 

estimating runoff using the Pearson type III (P3) distribution. This concept 

availed of the functional relationship of the skew-ness coefficient with the 

coefficient of variation of the precipitation data 

Tawatchai and Gaum (2000) conducted the research to application of 

TANK, NAM, ARMA and neural network models to flood forecasting for the 

Wichianburi basin using developed flood forecasting procedure. The results were 

found to improve significantly by coupling stochastic and deterministic models 

(TANK and NAM) for updating forecast output. The neural network (NN) model 

was compared with the TANK and NAM models. The NN model does not 

require knowledge of catchment characteristics and internal hydrological 

processes. The training process or calibration is relatively simple and less time 

consuming compared with the extensive calibration effort required by the Tank 

and NAM models. However, the performance of the aforesaid three models was 

evaluated statistically (Rajurkar et al., 2004). 

Arcelus (2000) discussed the combination of an event model (HEC-HMS) 

and a continuous water accounting model (NAM) to obtain discharge series from 
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The final results showed the iso-probabilistic curves of joint probabilities of 

standardized on-supplied water demand and total dissolved solid concentration 

values. 

Hashemi et al. (2008) developed an optimal reservoir operation model by 

genetic algorithm (GA) considering inflow probabilities. The model parameters 

were calibrated by using GA optimization search through a fitness function based 

on finding minimum deficient of water applies and water needs. The proposed 

model showed the results of the monthly reservoir storage volume based on 

inflows with various probabilities. 

A conditional genetic algorithm model for searching optimal reservoir rule 

curves was developed by Hormwichian et al. (2009). This model proposed GA to 

connect with a reservoir operation simulation model based on the concept of 

HEC-3 (US Army Corps of Engineers, 1974) for searching the optimal rule 

curves of reservoir.  The minimum average water shortage was applied as an 

objective function of the search process. The simulated results of proposed model 

achieved the new rule curves with smaller shortage and minimum over-flow via 

spillway of reservoir. 

Chaves and Chang (2008) proposed a novel intelligent reservoir operation 

system-based on evolving artificial neural networks (ANN). Accordingly, the 

ANN model was designed for the operational strategies of reservoir operation 

with the main advantages of the evolving ANN intelligent system (ENNIS) as 

follows: a small number of parameters to be optimized even for long 

optimization horizons, easy to handle multiple decision variables, and the 

straightforward combination of the operation model with other prediction models. 

This model was constructed and applied for calculating two cases, single 

objective and multiple objectives of the reservoir as membership functions. The 

results of ANN-based model showed great potential to incorporate other forecast 

models, and take simultaneously a great number of decisions without 

compromising its optimality. 
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Li et al. (2010) designed and developed a reservoir operation model with 

dynamic control of flood limited water level (FLWL) by considering inflow 

uncertainly. This model included three modules: a pre-release module, a refill 

operation module and a risk analysis module. Monte Carlo simulation was used 

to estimate dynamic control bound of reservoir FLWL. The results showed that 

the dynamic control of reservoir RLWL could affectively increase hydropower 

generation and floodwater utilization rate without forecasting flood control risk. 

A large scale reservoir operation by constrained particle swarm 

optimization algorithm (CPSO) was constructed and applied by Afshar (2012). 

The periods of the operations were treated in a reverse order prior to the CPSO 

search to define a new set of bounds for each storage volume in attempt to solve 

two problems of water supply and hydropower operation of reservoir. The results 

of three simulated cases, short, medium and long term operations illustrated the 

efficiency and effectiveness of the proposed method for the solution of large 

scale operation problems. It greatly opens a new approach for applying artificial 

intelligent techniques with a rational orientation. 

A constrained genetic algorithm (CGA) for optimizing multi-use reservoir 

operation was proposed by Chang (2008) and Chang et al. (2010) under 

considering ecological base flow requirements to optimize reservoir operations 

for multiple water users. Water limits-based rule curves M-5 and reservoir 

characteristics were incorporated as constraints integrated into reservoir 

operational objectives to form the fitness function, and a generalized shortage 

index (GSI) was used to validate the performance of model (Hsu, 1995). By 

demonstration of the simulated results, the proposed model applied to the Shih-

Men reservoir for last 20 years using penalty-type genetic algorithm can be a 

powerful tool in searching for optimal strategy for multi-use reservoir operations 

in water resources management. 
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framework of widely used GIS software ArcGIS. This tool has also the ability to 

interact with and use of classified Remote Sensing (RS) image layers, and other 

GIS feature layers like census block boundaries for flood damage calculation and 

loss of life estimation. They has applied this tool for flood management to 

Oconee River near the City of Milledgeville, Georgia, USA and the test result 

indicates that this tool provides a very versatile environment for spatial 

comparison of various flood mitigation alternatives by taking into account 

various uncertainties, which will greatly enhance the quality of the decision 

making process. 

 

2.2.4. Models of Estuarine morphodynamics 

In the past several decades, morphodynamic models have been rapidly 

developed with high performance, and a variety of mathematical models has 

been proposed for sediment transport by addressing different aspect of sediment 

characteristics. One of the famous models for simulating morphodynamics 

developed by the Danish Hydraulic Institute is MIKE (DHI, 2007b). The other 

models developed by Delft Hydraulics (DELFT2D-MOR, DELFT3D) to 

determine the total potential transport rate. There are some newest 

morphodynamic models (e.g. SHORECIRC, TELEMAC, MOHID, MORSYS2D, 

and etc.) were developed. The most popular numerical morphodynamic models 

above are generally related on engineering methods and techniques for coastal 

defense. 

A number of studies have provided new and interesting results (Wolanski 

et al., 1998; Nguyen, 1995; Nguyen et al. 2000). It was pointed out that most of 

the suspended sediment (SS) is fine silt and that sediment transport is influenced 

by many factors, particularly river currents, sea currents (monsoon currents), 

tidal currents, and wave-generated currents. Furthermore, the combination of 

meteorological and oceanic effects produces strong variations in coastal areas, 

mainly at seawater level and coastal currents. A small number of those studies, 
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Figure 2-1: Flow chart of methodology for hydrologcal and reservoir operation 
models 

 

Figure 2-2: Flow chart of hydrodynamic and GIS-based modeling 
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CHAPTER III  

NUMERICAL MODELING FOR RAINFALL 

RUNOFF PROCESS  
 

3.1. Dautieng Watershed 

3.1.1. Background 
The Dautieng River Watershed is located at the upper Saigon River in Tay 

Ninh Province in southeast Vietnam, approximately 90km from HCMC. It is a 

main reach of the upper Dong Nai - Saigon River system, outside of the estuarine 

basin as shown in Figure 3-1. The upper Saigon reach comes from Cambodian 

river branches and discharges into the downstream portion of the Dong Nai - 

Saigon River system. The Saigon River is a large reach of the Dong Nai - Saigon 

River where flows through HCMC area.  

The upstream of the Saigon River is intercepted by the Dautieng reservoir, 

with the length of the main course about 130 km. Its watershed area is well 

known as the largest reservoir for irrigation in Vietnam, with a river slope of 

0.25% and a total length of 130.5 km. The effective water conversation of 

Dautieng reservoir is 1.57 billion m3 and this water storage is utilized not only 

for irrigating the downstream agricultural area, but also for preventing saltwater 

intrusion and maintaining freshwater discharge into the river. The Dautieng 

reservoir has a total watershed of 2,700 km2, with a water surface area of about 

270 km2, and the elevation of from 24 m to 100 m above mean sea level. It 

received annual average 1,800 mm of rainfall in last 30 years; however, the 

rainfalls was uneven with 77% occurred between July and November.  
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Figure 3-1: Location of Dautieng Watershed 

 

The designed goals of Dautieng reservoir are as: (1) supply water for 

agricultural and industrial areas, and human activities, (2) control flood and cut 

peak discharge in wet season, (3) prevent the saltwater intrusion in downstream, 

and (4) improve environmental quality in downstream area. 

 

3.1.2. Data collection 

1)  Soil and landuse 

Soil in Dautieng River Watershed are clay soil and basalt soil. Of these, clay soil 

is covered by long-term industrial land accounts for about 90,000ha and basalt 

soil is covered by upland field and forest accounts for 180,000ha.  

The water surface area of Dautieng reservoir accounts for about 10% of 

total watershed area, and the remaining area is covered by brushwood, grass and 

poor natural forest. For details, the proportional area rates are follows: long-term 

industrial land of 10%, short-term industrial land of 13%, fruit tree land of 7%, 

wasteland and brushwood of 37%, natural forest of 14% and paddy field of 

below 5%. Figure 3-2 shows the landuse map in Dautieng River Watershed. 
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5) Characteristics of Reservoirs in Dong Nai-Saigon River Basin 

The characteristics of the Dautieng reservoir, consist of relative curves 

between volume V and elevation Z (V~Z), water surface area F and elevation Z 

(F~Z), and opening height H of culvert gates and discharge Q (H~Q), were used 

for calculating optimal operation of reservoir simulation model. 

6) Historical operation records 

Historical operation records including the data of reservoir water level, 

and opening height of culvert gates were used for calculating water balance. The 

series of historical operation records were collected from 1984 to 2008. 

3.1.3. Water needs and water balance calculation 

Water needs were selected based on undergraduate thesis of Ngoc (2006). 

Table 3-2 shows the water needs of various fields including agriculture, industry, 

economy, domestic human activities and environmental base flow requirements 

for preventing saltwater intrusion and improving water quality in downstream 

area of HCMC. 

Table 3-2: Total water needs in downstream of Dautieng Reservoir Watershed 

Month 
Agr iculture  

(106 m3) 

Eviromental 
flow 

(106 m3) 

Agr-product 
plant (106 m3) 

Suggar -
product plant  

(106 m3) 

Water   
Treatment 

Plant 
(106 m3) 

Human actives 
(106 m3) 

Total 
(106 m3) 

Jan    198.58     0.02  5.36    19.55  0.29  223.80  
Feb   250.02   48.38    0.02  4.84  17.66   0.26   321.18  
Mar   221.49    53.57   0.01     5.36     20.09  0.29    300.80  
Apr 195.62    51.84    2.42  18.92  0.28    269.08  

May  97.09                    -        19.55   0.29     116.93  
Jun  73.61                  -         18.92   0.28   92.81  
Jul   13.39                    -            19.55     0.29   33.23  

Aug  36.25                    -                   -    0.29   36.54  
Sep  35.82      -                                  -      0.28   36.10  
Oct       47.03                    -                  -    0.29   47.32  

Nov  158.73            0.01          2.59                 -       0.28     161.61  
Dec 105.59            0.02          5.36                 -       0.29   111.26  

Year  1 ,433.23   153.79  0.09   25.92        134.25    3.39   1,750.67  
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Figure 3-4: Upstream Dautieng Reservoir 

 

 

 

Figure 3-5: Spillway of Dautieng Reservoir 
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Figure 3-6: East Culvert of Dautieng Reservoir 

 

Figure 3-7: Upstream Dautieng Reservoir in the dry season 
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Figure 3-8: Structure of the NAM model 
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where L and Lmax are the actual and maximum possible moisture contents, 

respectively, in the lower zone storage. 

When the surface storage spills, maxU U�t , the excess maximum water, Pn, 

induces overland flow as well as infiltration. QOF denotes the part of Pn that 

contributes to overland flow. QOF is assumed to be proportional to Pn and to vary 

linearly with the relative soil moisture content, L/Lmax, of the lower zone storage. 

Then, overland flow, QOF, is determined as: 
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Table 3-3: NAM model parameters used for calibration 

Parameter Description Lower limit Upper limit 

Umax(mm) The maximum water content in surface storage 5 35 

Lmax(mm) The maximum water content in root zone storage 50 350 

CQOF(-) Overland flow runoff coefficient 0 1 

CQIF(h) Time constant for routing interflow 500 1,000 

TOF(-) Root zone threshold value for overland flow 0 0.9 

TIF(-) Root zone threshold value for interflow 0 0.9 

CK1(h) The time constant for routing interflow  3 72 

CK2(h) The time constant for routing overland flow 3 72 

TG(-) Root zone threshold value for groundwater 0 0.9 

CKBF(h) Time constant for routing base-flow 500 5,000 

 

 

Based on meteorological data input, the NAM Model produces watershed 

runoff and other information about the land phase of the hydrological cycle such 

as temporal variation in evapotranspiration, soil moisture content, groundwater 

recharge, and groundwater levels. The resulting watershed runoff is conceptually 

divided into overland flow, interflow, and baseflow components (DHI, 2007a, 

2007b). 

3.2.2. Hydrological Tank Model 

The Tank Model is a synthetic flow model based on rainfall in a 

watershed. It was first developed and introduced in 1956 by a Japanese 

hydrologist, Dr. Masami Sugawara. The model has been widely used throughout 

the world and was evaluated as good by the World Meteorological Organization 

(Nielsen et al., 1973). The Tank Model can be applied to reproduce streamflow 

from observed rainfall data for the planning, design, and management of water 

resources. In Vietnam, the Tank Model has been applied in many studies and is 

considered moderately suitable for river and stream systems. 

The hydrological Tank Model used in this study has a simple structure 

with four tanks, a surface tank (A), an intermediate tank (B), a sub-base tank (C), 
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and a base tank (D) (Gunawan, 2010), laid vertically in a series, as shown in 

Figure 3-9. The two assumptions of the Tank Model are that (1) water is able to 

fill the storage that lies beneath and (2) water flows from a horizontal outlet in 

each tank and the total amount of water that flows represents runoff. Each tank 

has a vertical outlet at the bottom (except Tank D) and one horizontal outlet at 

the side (except Tank A, which typically has two horizontal outlets). 

Precipitation on the watershed minus evapotranspiration is entered into tank A 

and then falls partly through the vertical outlet into the tank below. The 

remainder of the rainwater pours into the horizontal outlets to create flow when 

the water level in the tank is higher than the height of a horizontal outlet (Ngoc et 

al., 2011b).  

The total outflow, Q(t), at time t from the side outlets of all tanks 

represents the accumulation of the outflows from the river system in the 

watershed and can be expressed as follows: 

�^ �`)(d)(c)(b)(a2)(a1)( tttttt QQQQQQ ���������      (3-8) 

 

 

Figure 3-9: Structure of the Tank model 
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Given the initial conditions of the water levels in storage tanks A, B, C, 

and D at the initial time step, the storage in each tank is updated as follows: 

a( ) a( ) ( ) i a1( ) b( ) a( )t 1 t t t t tH H P E Q Q I�� � �� �� �� �� ��      (3-9) 

)(b)(b)(a)(b)(b tttt1t IQIHH ������� ��                   (3-10) 

)(c)(c)(b)(c)(c tttt1t IQIHH ������� ��                     (3-11) 

)(d)(c)(d)(d ttt1t QIHH ����� ��                   (3-12) 

where H is water storage level (mm), P is precipitation (mm/day), E is 

evapotranspiration (mm/day), Q is total runoff (mm/day), and t is time step (day). 

I is infiltration through the vertical outlet into the tank below (mm/day). 

Although the Tank Model provides some indication of the lag time 

between rainfall and runoff, this lag time is often insufficient. In rainfall runoff, 

when discharge increases quickly, velocity also increases. Therefore, lag time 

must decrease, which means that lag time is inversely proportional to velocity. In 

small watersheds, lag time often is short; even if velocity increases because of 

the change in discharge, and thus we can assume this lag time is constant 

(Sugawara, 1995). However, in large watersheds with a long lag time, we need to 

consider an artificial lag time, TL, of watershed discharge, as follows: 

�> �@ �> �@1Q = ( - D )×Q + D ×Q
E(t) (TL) (TL)(t + TL ) (t + TL +1)

        (3-13) 

where QE(t) is the calculated discharge, TL is lag time, [TL] is the integer 

part of TL, and D(TL) is the decimal part of TL. 
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Table 3-4: Tank model parameters used for calibration 

Parameter Functions Description Lower limit Upper limit 

CA1(1/h) )DH(CQ )t()t( A1AA11A ���u�  Surface runoff coefficient 0 1 

CA2(1/h) )DH(CQ )t()t( A2AA22A ���u�  Sub-surface runoff coefficient 0 1 

CA0(1/h) )t()t( HCI AA0A �u�  Infiltration coefficient 0 1 

CB1(1/h) )DH(CQ )t()t( BBB1B ���u�  Intermediate runoff coefficient 0 1 

CB0(1/h) )t()t( HCI BB0B �u�  Infiltration coefficient 0 1 

CC1(1/h) )DH(CQ )t()t( CCC1C ���u�  Sub-base runoff coefficient 0 1 

CC0(1/h) )t()t( HCI CC0C �u�  Infiltration coefficient 0 1 

CD1(1/h) )t()t( HCQ DD1D �u�  Base runoff coefficient 0 0.1 

DA1(mm) 
 

Height of surface outlet 0 500 

DA2(mm) 
 

Height of sub-surface outlet 0 500 

DB(mm) 
 

Height of intermediate outlet 0 500 

DC(mm) 
 

Height of sub-base outlet 0 500 

SA(mm)  Initial storage of Tank A 0 500 

SB(mm)  Initial storage of Tank B 0 500 

SC(mm)  Initial storage of Tank C 0 500 

SD(mm)  Initial storage of Tank D 0 1,000 

SM(mm)  Limit moisture threshold 0 10 

TL(h)  Time lag 0 72 

 

3.3. Genetic algorithm method 

The GA was originally developed and introduced in 1975 by John Holland 

(Chu-Tain et al., 2006; Holland, 1975). It is a population-based optimization 

method that mimics the process of natural selection and natural evolution. The 

GA is used to search large, nonlinear spaces where expert knowledge is lacking 

or is difficult to encode8. The GA optimization search uses the idea of fitness to 

analyze a variety of solutions and generate a new and better solution. 
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The GA begins with a randomly generated initial set of solutions called 

the population. Each individual in the population is called a chromosome, a 

string of symbols that is encoded into binary code, which represents a solution to 

a problem. The chromosome develops through consecutive repetitive 

revolutionary processes, called generations. During each generation, the 

chromosomes are assessed by fitness function. Then, the chromosome passes 

through several main processes: selection, crossover, and mutation. To create the 

new generation, parent chromosomes with higher fitness values have higher 

probabilities of being selected. Then, crossover and mutation processes are 

conducted to reproduce new offspring. These processes are repeated and stop 

only when the condition is satisfied. After several generations, the fitter 

chromosomes converge to the best chromosome, which represents the optimal 

solution to the problem (see in Figure 3-10). 

 

Figure 3-10: The general structure of GA 
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3.4. Fitness function and error indicators 

In this study, fitness function was based on the error indicator mean 

square error (MSE). Fitness function was used to evaluate GA optimization 

performance in calibrating model parameters. The equation of fitness function, Ft, 

is given by equations (4-14) and (4-15). 

Maximum of �> �@tF � Maximum of 1
 

MSE
� ª � º
� « � »� ¬ � ¼

  (3-14) 
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� ª � º���¦ � « � »� ¬ � ¼� 

  (3-15) 

where obs, i is the observed discharge at the i th time step, sim, i is the simulated 

discharge at the i th time step,  obsQ  is the average of observed discharge, i  is the 

time step (day), and N is the total number of time steps. 

According to national forecasting criteria in Vietnam, the percentage error 

of peak discharge, peak time, and total runoff volume are important indicators 

that evaluate the accuracy of simulated discharge. In this study, a comparison of 

simulated discharge accuracy with observed discharge was expressed by the error 

indicators coefficient of correlation (R2), Nash-Sutcliffe coefficient (E2), mean 

absolute error (MAE), root mean square error (RMSE), and relative error (RE). 
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  (3-16) 
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Generally, the population size parameter is between 150 and 300 (Chu-Tian et al., 

2006).  

 

Table 3-5: Parameters used for genetic operations 

Bit-length for one parameter 16 

Population size 150 

Generation 2,000 

Crossover rate 0.7 

Selection method Roulette Wheel 

Mutation rate 0.01 

 

 

Table 3-6: Calibrated NAM model parameters 

Parameter Year  1995 Year 2000 
Umax(mm) 31.05 22.99 
Lmax(mm) 233.94 345.90 
CQOF(-) 0.23 0.75 
CQIF(h) 329.78 200.00 
TOF(-) 0.22 0.57 
TIF(-) 0.35 0.07 
CK1(h) 27.01 17.30 
CK2(h) 64.01 40.90 
TG(-) 0.44 0.001 
CKBF(h) 4,875.10 4,069.52 
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To select a set of GA parameters, correlations among them were 

considered, as mentioned above, and test runs for calibration data were 

conducted, as shown in Table 3-5 (Ngoc et al., 2011b). The lower and upper 

limits of each parameter for two hydrological models that define the GA search 

domain are also shown in Table 3-4. 

For model calibration, the boundaries for GA operations shown in Table 

3-3 and 3-4 were applied to the optimization search for two typical years, 1995 

and 2000. NAM Model and Tank Model parameters calibrated by GA 

optimization are shown in Table 3-6 and Table 3-7, respectively, and the results 

of error indicators by the GA optimization search are compared for the NAM and 

the Tank Models in Table 3-8. 

 

Table 3-7: Calibrated Tank model parameters 

Parameter Year 1995 Year 2000 
CA1(1/h) 0.38 0.17 
CA2(1/h) 0.52 0.79 
CA0(1/h) 0.88 0.59 
CB1(1/h) 0.65 0.51 
CB0(1/h) 0.60 0.09 
CC1(1/h) 0.47 0.14 
CC0(1/h) 0.48 0.07 
CD1(1/h) 0.0018 0.0014 
DA1(mm) 269.60 242.80 
DA2(mm) 203.46 130.49 
DB(mm) 346.70 427.83 
DC(mm) 418.52 264.15 
SA(mm) 87.36 139.68 
SB(mm) 126.29 36.34 
SC(mm) 252.60 12.55 
SD(mm) 435.24 553.7 
SM(mm) 3.00 1.62 
TL(h) 8.15 3.17 
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Figure 3-11: Model calibration of daily discharges in 1995 

 

 

Figure 3-12: Model calibration of daily discharges in 2000 
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CHAPTER IV  

OPTIMI ZING MULTI -USE DAUTIENG  

RESERVOIR OPERATION  AND PROPOSING A 

FRAMEWORK OF OPERATING RULE CURVES 
 

4.1. Background 

Reservoir is one of the most efficient measures to develop and manage 

integrated water resources and has become the most important facility to increase 

the reliability for water supplies to various purposes such as, agriculture, industry, 

human activities, and environmental base flow requirements, and reduce the 

vulnerability to water users in droughts (Guo et al., 2004; Wei and Hsu, 2005; 

Wei and Hsu, 2007). In past decades, water has become a scarce resource as 

result of the growing demand for various purposes (Li et al., 2010), and water 

shortages have been occurring more serious due to restriction of effective water 

use. To overcome the problem of water shortage during period of dry season, 

researchers have been focused attention on improving water resources 

management, especially in optimization of reservoir operations (Chang et al., 

2005; Chen et al., 2007), and thus the rule curves of reservoir operation are very 

important way to support operators in making decisions of operating policies 

effectively.  

The aim of this study was to design a reservoir operation model and 

optimize reservoir operation rule curves by using a genetic algorithm with a 

penalty strategy for multi-use water resources management including 

environmental base flow requirements and flood control storage. The 

methodology of the proposed model was incorporated constrained genetic 

algorithm (CGA) where water demands where were assumed as constraints to 
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water storage discharge of reservoir operation. The penalty functions designed 

for various constraints were integrated into the objectives of operation process to 

form the fitness function. The model performance was evaluated through a 

generalized shortage index (GSI) to water demands. 

4.2. Model structure combined CGA search  

The genetic algorithm is originally developed and introduced in 1975 by 

John Holland (Holland, 1975). It is a population-based optimization method that 

mimics the process of natural selection and natural evolution. The GA is used to 

search large, nonlinear spaces where expert knowledge is lacking or is difficult to 

encode (Chu-Tian et al., 2006). The GA optimization search uses the idea of 

fitness to analyze a variety of solutions and generate a new and better solution. 

The GA begins with a randomly generated initial set of solutions called the 

population and progresses to enhance the fitness of solutions through interaction 

by conducting operators including selection, crossover and mutation operators. 

However, the restrictions of unfeasible search space by constrained conditions 

were encountered difficult problems in GA optimization, which would usually 

engender early convergences or ineffective searches. 

During the past few years, several methods such as rejection, repair, and 

penalization strategies, have been presented for handling constraints when using 

GA to solve constrained optimization problems (Deep and Dipti, 2008). The 

advantage of the rejection and repair approaches was that only feasible solutions 

were generated. Thus, most popular approaches to handling constraints in the GA 

community were to use penalty functions (Chang, 2008). The strategy by means 

of penalty functions was set to penalize infeasible solutions in attempt to reduce 

their fitness values in proportion when constraint violations were found. 

Following this way, they lead the search direction towards promising solutions. 

Unfortunately, the constraints that were interior penalty functions played as 

barriers to impeding the capability of GA search within the feasible domain 
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(Abedian et al., 2006). This was the reason why it was unable to be incorporated 

into GA. When constraints were exterior penalty functions, a penalty values were 

designed to add to violated solutions by taking the number of violated constraints 

and their distance to the feasible domain into account (Chang et al., 2008). The 

most common methods for using GA with penalty strategy were written in 

nonlinear programing as follows: 

    �� �� �� ��
�� �� �� ��

x x  feasible region
x

x x   x  feasible region

f                    
F =

f + p             

� ­ � •
�®

�•�¯
  (4-1) 

where �� ��f x  is the objective function and �� ��xp is the penalty function. 

Nevertheless, there is no common guideline indicated how to find a suitable and 

effective penalty function. Generally, the equation of the penalty function was 

designed as follows: 

 
1 1

( ) (w ) ( )
N M

i j

z zp w p W W K
ji i i i�  �  

� � �� �u� ¦ � ¦         (4-2) 

where z is the object is constrained as water level limits. M is a total number of 

sub penalty functions constructed to model. K is a penalty weight of equality 

constraints.  pji(wi) is the sub penalty function. W
i
 is water storage (m3). N is the 

total years using for simulation. zW
i

 is water storage corresponding to water 

limit based on the rule curves of Dautieng Reservoir.  

The flow chart of structure of the proposed model combined CGA search 

is shown in Figure 4-1. 
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The existing DTOR approved by MARD consists of four curves: the 

retarding water level (RWL), the upper water level (UWL), the lower water level 

(LWL), and the critical water level (CWL) (Figure 4-2). Based on the DTOR, 

the operating regulation can be summarized as follows:    

- When the water level in the reservoir reaches at the retarding water 

level, the spillway is immediately opened in attempt to rapidly reduce 

the water level to the upper water level. 

- When the water level in the reservoir exceeds the upper water level, 

the water release should be kept the high priority in attempt to 

maintain the water level at the upper water level. 

- When the water level in the reservoir is between the lower water and 

the critical water levels, the water release is restricted. In this case, the 

water supply should be satisfied for human demand and cut down for 

agriculture demand. 

- When the water level in the reservoir is below the critical water level, 

agricultural water demand must be critically cut down in attempt to 

maintain the water level above the dead water level, but the water 

supply remains for satisfiable human demands.  

 

Figure 4-2: The rule curves of Dautieng reservoir operation (DTOR) 
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4.3.2. The reservoir operation model 
The reservoir operation simulation modeling was developed to describe the 

reservoir behaviors. This model was designed on the basic concept of water 

balance equation and is written as follows: 

   Inflow
( 1)i i i i iW W W E R��� �� �� ��   (4-3) 

where:  is the water storage at i th period;  is the water storage in (i-1)th 

period; Inflow
iW is the water volume by rainfall runoff at i th period; iE is the 

evapostranpitation at i th period; and iR  is the water release at i th period as 

expressed as below: 
Agr Ind Dom Env Upper 
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�� �� �� �� �!
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    (4-4) 

where: Agr
iR , Ind

iR  , Dom
iR , Env

iR , Spil
iR  are the water release  that supply 

corresponding to agricultural, industrial, domestic, environmental demands, and 

the released water from spillway gate to avoid breakdown of reservoir, and 
Upper 

iW  is the upper limit at i th period corresponding to the upper water level in 

the rule curves of reservoir operation. Supply priorities of water users were set in 

the descending order: domestic, ecological, industrial and agricultural supply. It 

means that, the water demand with low priority was only supplied until the water 

demand with high priority have been received plentifully.    

 

4.3.3. Constraints 
The reservoir were operated following the regulations of reservoir 

operation curves promulgated by MARD and complying with physical 

characteristic limitations such as water balance and permissible terms of water 

storages and releases.  
Dead Max

iW W W� d � d  (4-5) 

�� ��Upper     wet seasoniW W�d  (4-6) 
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 Lower (dry se on)  asiW W�t  (4-7) 

wet wet
00.9W    at the last period in each wet seasoniW �t   (4-8) 

dry dry
0W W           at the last period in each dry seasoni �d    (4-9) 

where wet
0W , is the water storage limit that must be maintained at the last each 

wet season in attempt to avoid long term water shortage in next dry season, and 
dry

0W  , is the water storage limit that must be kept water to serve for retarding 

flood flow in each wet season. 

4.3.4. Objective function 

The objective function was designed by considering different water 

demands in order to avoid long term water insufficiency and highly attach special 

importance to short term water insufficiency. It consisted of total water demands 

of different users in the downstream of the Dautieng Reservoir area including 

environmental base flow requirement. Hence, the objective function should be 

considered as core to meet total water demands of different users and anticipate 

serious water shortages, while each different water demand and the enforced 

terms based on the rule curves were considered as constraints when optimizing 

the reservoir operation. Moreover, the water shortage occurring for a long time 

might cause inconvenience for users, and the result eventually damages 

agriculture crops, ecosystem and industrial manufacturing, etc. Therefore, the 

objective function was defined as the deficit in each period to the power of the 

number of continuous water insufficiency period, and formulated as follows: 

  �� �� �� �� �� ��ob Env agrw min w wf f f� ª � º�  � �� ¬ � ¼     (4-10) 

The purpose is to maintain the ecological base flow requirements, when 

the water release is less than the ecological base flow requirement (for pushing 

salt water intrusion in downstream), Env
i iW W��  , the sub-objective function was set 

as follows: 



83 

 

  �� �� �� �� ji
20 12 n

Env Release Env
Env

1 1

w max ji ji
j i

f W W K
�  �  

� ­ � ½� ª � º� �� �u� ® � ¾� ¬ � ¼� ¯ � ¿
� ¦ � ¦    (4-11) 

The purpose is to supply water for agricultural demand, when Agr
i iW W��  , 

the sub-objective function was set as follows: 
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where: Release
iW , Env

iW , Agr
iW , in   are corresponding to water release of reservoir, 

ecological flow requirement, agricultural demand and the number of continuous 

deficit period, respectively. EnvK , AgrK   are weighed factors corresponding to 

ecological and agricultural factor, respectively. In this study, the model was 

simulated for 20 years with the monthly step (12 month in a year).  

4.4. Penalty and fitness function 

The constraints were divided and placed into the penalty functions. The 

constraints corresponding to Eq.4-5 interne the search space to the designed 

ranges. The constraints corresponding to Eqs.4-6,7,8,9 are allowed to punish by 

penalty functions when the obtained variants in the model violate terms of 

designed penalty mechanism throughout decreasing the fitness values. By this 

way, the constraints will lead the CGA towards a feasible solution space in the 

search process. Furthermore, in the computation process, when various genes 

reach the limits of conditions, the respective penalties are strictly put into the 

fitness function to promptly reduce the fitness value. Following this way, the 

penalty function (Eq. 4-15) was combined to the fitness function as defined as 

bellow: 

 �� �� �� �� �� ��obF w = f w P w   (4-13) 

�� �� �� ��
1 1

1
N M

ji
i j

P w p w
�  �  

�  � ��¦�¦  (4-14) 



84 

 

 �� �� �� ��
0                   x  feasible region

            x   feasible region p x p xji ji

�•�­�°� �® �•
�°�¯

  (4-15) 

 The sub penalty functions (Eqs. 4-16 to 4-22) were designed as follows: 

In wet seasons, the purpose was to keep up the water at a certain level to 

serve flood control in wet season period, when Upper
i iW W�!   then the penalty 

function was set as: 

 �� �� �� ��retard retard
2i i ip w W W K� �� �u   (4-16) 

However, the purpose was to always keep the water level below the 

retarding water level to avoid reservoir breakdown, when retard
i iW W�! , then the 

penalty function was set as: 

�� �� �� ��retard retard
2i i ip w W W K� �� �u   (4-17) 

In dry seasons, the purpose was to hoard up the water at a certain level to 

prevent water shortage, when Lower
i iW W��   then, the penalty function was: 

�� �� �� ��Lower Lower
3i i ip w W W K� �� �u   (4-18) 

The purpose was to avoid water shortage in long term; the water storage 

should be hoarded up at a certain level all the time. When Critical
i iW W��  , then the 

penalty function was set as: 

�� �� �� ��Critical Critial
4i i ip w W W K� �� �u   (4-19) 

This reservoir was operated for regulation in several years, hence, to avoid 

water shortage in long term. When Wet Wet
0iW W�� , then penalty function was set 

as: 

�� �� �� ��Wet Wet Wet
5 00.9i ip w W W K� �� �u   (4-20) 

And to maintain water storage space in wet season in attempt to retarding 

flood flow. When Dry Dry
0iW W�� , then penalty function was set as: 

�� �� �� ��Dry Dry Dry
6 0i ip w W W K� �� �u   (4-21) 
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Table 4-2: The Values of K weighed factors 

Factor Value Factor Value 
KEnv 75 Klower 2 
Kagr 25 Kcritical 4 
Kupper 5 Kwet 10 
Kretard 100 Kdry 10 
  Kdead 1000 

 

 

 

Figure 4-3: The achieved GSI values between current operations and CGA 
results during 1989-2008 

 

Figure 4-3 represents the achieved annual GSI values of CGA results 

compared with current operations. It evidenced that most obtained GSI values 

from CGA research for all cases were much smaller than those of current 

operations, except the GSI values of case 2 in 1991 and 2003. Most of obtained 

GSI values for four cases simulated using CGA method were lower than 1 and 

only six GSI values that achieved larger than 1 were occurred in 2007 of case 1, 

in 1998, 2003 of case 2; 1996, 2001, 2004 of case 3. In comparison between 

three cases of base flow requirements, the corresponding GSI values slightly 

increased in order of case 1 (30m3/s), case 2 (50m3/s) and case 3 (35m3/s in dry 

season and 15 m3/s in wet season). 
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Table 4-3: Annual water shortages (m3/s) and water usage with current operation 

and CGA cases 

Case Current operation CGA_ Current CGA_Case1 CGA_Case2 CGA_Case3 

Type Year 
Water  

usage (%) 
Deficit 

Water  

usage (%) 
Deficit 

Water  

usage (%) 
Deficit 

Water  

usage (%) 
Deficit 

Water  

usage (%) 
Deficit 

Drought 1992 62.9 21.2 62.4 13.5 74.4 1.5 70.1 9.8 56.2 20.3 

 
1995 67.4 25.6 74.6 9.7 66.6 16.8 68.2 19.4 76.8 8.2 

 
2003 74.0 27.1 84.2 8.0 81.1 10.6 65.2 27.4 84.5 8.4 

 
2004 80.2 38.1 86.7 17.0 94.1 12.0 92.9 16.8 79.3 22.6 

 
2005 60.2 32.9 71.0 9.4 73.9 6.7 65.5 18.6 66.4 14.4 

 
2006 56.3 35.1 63.1 14.4 62.2 15.4 56.2 25.2 65.5 12.8 

 
2007 55.2 31.5 60.3 13.8 52.2 22.2 56.3 22.0 59.6 15.2 

Normal 1989 51.1 31.6 60.1 9.9 60.9 9.2 59.9 14.2 58.2 12.7 

 
1993 54.1 24.8 56.8 13.2 60.9 8.6 59.2 14.5 57.0 13.5 

 
1994 68.7 13.9 62.6 15.2 58.3 19.4 67.5 14.5 65.7 12.8 

 
1996 51.4 25.6 57.3 15.8 58.5 14.5 57.2 19.9 57.7 16.0 

 
1998 56.4 26.9 63.4 9.6 63.4 9.6 53.7 23.7 60.2 13.6 

 
2000 49.0 13.9 46.9 12.8 43.6 17.3 46.8 16.9 45.7 15.0 

 
2002 59.4 21.6 66.3 6.9 66.0 7.2 60.9 16.5 60.6 13.4 

 
2008 57.9 21.2 57.7 14.0 53.7 18.3 56.0 19.8 63.3 8.5 

Wet 1990 56.5 21.5 55.3 14.9 54.9 15.3 56.7 17.3 65.6 4.1 

 
1991 59.5 12.0 56.3 11.9 58.0 9.9 48.4 24.8 62.4 5.5 

 
1997 75.6 18.8 77.3 10.6 72.2 15.0 73.9 17.5 74.6 13.5 

 
1999 59.7 23.2 68.1 6.5 64.4 10.3 69.6 8.9 65.2 10.0 

 
2001 57.9 10.0 57.6 8.0 55.0 11.0 52.6 17.9 47.7 20.3 

Average 
 

60.7 23.8 64.4 11.8 63.7 12.5 61.8 18.3 63.6 13.0 

 

Table 4-3 indicates annual average water shortage and water usage of all 

cases compared with current operations during 20 years. The average water 

shortages were obtained by a long term reservoir operation complying DTOR 

curves and CGA method. According to the obtained results, it is without difficult 

to remark that water usage (%) of all cases simulated by CGA method attained 

higher values than those of current operations as a demonstrating of much better 
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performance (60.7%, 64.4%, 63.7%, 61.8% and 63.6% in current operations, 

CGA-Current, case 1, case 2 and case 3, respectively). However, we could find 

some value of annual water shortages in current operation was lower than those 

of all cases simulated by CGA method, and the value of water usage in current 

operations also achieved higher in a few years. As shown in Figure 4-3 and 

Table 4-3, undoubtedly, the obtained results simulated by CGA method had 

better performance than those operated by current operations using DTOR curves. 

 

Table 4-4: Annual water shortage (106m3) of current operations and CGA results 

base on associating various environmental base flow requirements 

  
Current Operations CGA results 

Type Year Current Case1 Case2 Case 3 Current Case1 Case2 Case 3 
Drought 1992 27.3 30.9 110.9 42.9 0.0 0.0 0.0 10.5 

 
1995* 7.4 11.4 58.3 17.4 17.2 0.0 19.1 19.7 

 
2003 23.7 30.7 110.7 42.7 0.0 2.9 33.9 0.0 

 
2004 37.1 56.2 142.3 80.6 0.0 0.0 0.0 0.0 

 
2005 31.6 38.6 149.3 55.1 0.0 0.0 19.2 0.7 

 
2006 26.5 35.6 120.2 47.6 0.0 10.9 44.2 0.0 

 
2007* 23.6 30.9 150.9 48.9 0.0 33.7 32.8 16.4 

Normal 1989 4.2 8.2 106.9 14.4 0.0 0.0 0.0 0.0 

 
1993 0.0 0.0 55.5 0.0 0.0 0.0 0.0 0.0 

 
1994 8.5 11.5 51.5 17.5 0.0 3.2 41.3 1.3 

 
1995 27.8 46.9 126.9 58.9 0.0 0.0 15.5 14.1 

 
1998 9.5 13.5 76.3 19.5 0.0 0.0 17.0 0.0 

 
2000* 5.7 8.7 48.7 14.7 0.0 3.3 0.0 0.0 

 
2002 1.1 4.1 47.7 10.1 0.0 0.0 7.9 2.9 

 
2008* 8.1 12.1 83.8 18.1 0.0 12.0 7.9 0.0 

Wet 1990* 18.8 22.5 102.5 34.5 0.0 25.7 55.1 0.0 

 
1991 14.5 18.5 58.5 29.3 0.0 0.0 61.6 0.0 

 
1997 5.1 9.1 51.7 15.1 0.0 0.0 8.2 0.0 

 
1999* 0.0 0.0 36.7 2.7 0.0 0.0 0.0 0.8 

 
2001* 0.0 0.0 12.1 0.0 30.5 0.0 0.0 6.0 

Averge 
 

14.0 19.5 85.1 28.5 2.4 4.6 18.2 3.6 
 

 



89 

 

Table 4-5: Summarized table of the CGA results 

Type GSI 
Agricultural unmet 

water (m3/s) 

Environmental unmet 

water (m3/s) 

 
Case 1 Case 2 Case 3 Case 1 Case2 Case 3 Case 1 Case 2 Case 3 

Drought 0.40 0.61 0.41 12.0 19.2 14.3 0.2 0.7 0.2 

Normal 0.30 0.35 0.29 12.9 17.2 13.1 0.1 0.4 0.1 

Wet 0.26 0.24 0.29 12.1 16.5 10.6 0.2 0.8 0.0 

20 years 0.33 0.41 0.33 12.39 17.71 12.93 0.15 0.58 0.11 

 

The water shortages of current operations and CGA results based on 

associating various ecological base flow requirements were shown in Table 4-4. 

In all cases associated by current operations curves, the average water shortages 

of ecological flow requirements increased in ascending order of 14.0, 19.5, 28.5 

and 85.1 for case of current, 1, 2, and 3, respectively. In cases of CGA results, it 

also gained most ascending tendency like current operations cases. Nevertheless, 

the obtained values, 2.4, 3.6, 4.6 and 18.2 in cases of CGA-Current, 1, 3 and 2, 

respectively, were much smaller than those of current operations cases. 

Especially, the CGA results in case 3 with the average water shortages of 

ecological flow requirements was 3.6, lower than case 1 of the CGA results, 4.6,  

although its base flow requirements was set, 30 m3/s in dry season, lower than 

those of case 3 (35 m3/s in dry and 15 m3/s in wet season) . 

Table 4-5, summarized the CGA results show some phenomenon: (1) the 

water shortages of CGA results of current operation and case 3 occurred higher 

than those of DTOR of current and case 3 in 1995 of drought years; (2) the water 

shortages of all cases simulated by CGA method decreased dramatically as 

compared with all cases of DTOR operation in normal years, remarkably in 2000 

and 2008; (3) there are different fluctuation between the water shortages of CGA 

results and current operations associating various environmental base flow 

requirements in wet years as indicated in 1990, 1999 and 2001; (4) all water 



90 

 

shortages of environmental requirements from CGA cases decreased remarkably 

as compared to all cases of current operation. Those aforesaid statements are 

presented in some years of Table 4-4 marked the underline. It appears that: (1) in 

drought years of 1995, although the environmental flow requirements in case 3 

was set higher than case 1, those years occurred the average inflows in dry 

season were not smaller than in normal; (2) in normal years, most of the obtained 

GSI values from CGA method were very small and especially in case 3 with 

larger environmental requirements of 50 m3/s reached to zero in 2000 and 2008. 

It might explain that the inflows in dry season occurred higher than those of dry 

season in normal; (3) in wet years: 1990, 1999 and 2001, the inflows in wet 

season occurred exceeding the effective capability of water reservoir storage. 

However, the obtained GSI values of all cases from CGA method achieved 

smaller than those of in current operations and only larger GSI value of CGA-

Case 2 in 1991 slightly increased (larger than in current operation case); (4) the 

Dautieng reservoir was designed for operating several years, mean that it needs 

to hoard up water year by year to attain full effective volume. 

According to analysis as mentioned above, the obtained CGA results of 

case 3 (35m3/s in dry and 15m3/s in wet season) achieved much better 

performance following the requirement for environmental base flow to push salt 

water intrusion and improve the water quality in downstream of Dautieng 

Reservoir Watershed for two season, dry and wet. In addition, Table 4-4 gives 

the mean values of the CGA results in comparison of difference between cases 

associated with environmental base flow requirements. Those values in CGA-

case 3 demonstrated it handled good performance and efficiency. 
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Figure 4-4: Optimized CGA curves for Case 3 

 

Consequently, Figure 4-4 represents the best set of operating rule curves 

achieved from CGA-Case 3. The simulated water level of 20 years was been 

statistical count and drawn as the GA curves.  The results also demonstrate that 

the CGA curves have higher UWL in dry season, and also larger feasible space 

operating. However, in the ending of dry season, (April and May), the LWL of 

CGA curve has lower than those of current operations. Besides that, the 

operating space between the LWL and CWL is larger. It indicates that, as the 

obtained CGA curves, simulated reservoir operating led to extend the space 

working to enhance the effective performance of reservoir operation in year by 

year. The summarized evaluation, the results are presented in tables and figures 

as above. The obtained CGA curves have better performance than DTOR curves. 

4.7. Conclusions 

With rapid development computation techniques in current decades, it 

prompted a great potential in optimizing numerical complex model. This study 

constructed the model of reservoir operation based on the guiding rational 

reservoir operation using penalty-type genetic algorithm (Chang, 2008) for multi-

use reservoir management. The proposed model with constraints integrated into 
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5.3. Methods 

The proposed approach quantifies the expected flood risk derived from 

various flood defense alternatives. It takes into account uncertainties resulting 

from non-systematic data included in hazard analysis. The conceptual framework 

is shown in Figure 5-9. Flood risk is evaluated in terms of the expected annual 

flood damage, expressed as: expose damage event( / )E D x , where Ddamage is the damage 

caused by a specific flood event (xevent) in a specific location (Tung, 2002).  

 

Figure 5-9: Methodogical diagram used in flood estimate and decision-making 
process 
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Empirical flood depth-damage curves were used to evaluate the economic 

losses for each return period (USACE, 1992). The 1D/2D coupled numerical 

hydrodynamic flow model MIKE FLOOD (DHI, 2007b) was used to obtain the 

water depth. This model is based on numerical equations of conservation of 

mass/momentum (Chow, 1959) and is run with the required input data and 

parametrization including bathymetry and topography of the floodplain, 

geometry of hydraulic infrastructures, roughness value, eddy viscosity parameter, 

computational time step and boundary conditions.  

Finally, a cost-based analysis was carried out to estimate the expected cost 

of each defense alternative considered (Tung, 2002). Although similar decision-

based risk approaches have been proposed and used (Merz et al., 2002; Tung, 

2002; Faber 2006; Dietrich et al., 2009), as far as the authors are aware this is 

one of the first examples of applied flood risk analysis where evidence from past 

flood tree-rings (i.e. non-systematic data) has been included in a flood hazard 

definition. 

The methodology of this research is the ideal of proposing a coupled 1-2D 

hydro-hydraulics models for simulating inundation of Ho Chi Minh City area 

under hydrological variation scenarios involving climate change, sea level rise, 

etc.., and the map layers of land use, urban residents, and infrastructure are 

overlaid into inundated areas with clarified levels in spatial and temporal 

variation. The vulnerable formula is designed to estimate flood damage to 

separate area types. The Figure 5-10 shows the flowchart of methodology 

structure.  
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Figure 5-10: Methodology of this research 

5.3.1. Hydraulic modeling 
Among other commercial hydraulic models for a dam break event 

simulation as TELEMAC, SOBEK, DAMBRK and HEC-RAS, DHI MIKE is 

considerably high precision as it is used in a great number of similar research and 

consult projects (Arjan 2010; Ciria 2007; Defra 2005; Hallengatte 2008). This 

research would employ MIKE FLOOD which is a combination between one-

dimensional flow in rivers and two-dimensional overflow on ground. This model 

has been showed to be capable of dealing with actual dam break events involving 

supercritical, subcritical, trans-critical, overland and overtopping flows as well as 

being able to simulate the wetting and drying processes which may occur. In 

addition, this model has the advantage of the 1-D model since it could accelerate 

the hydraulic model by emulating non-overbank rivers in a one-dimensional 

network (see Figure 5-11).  
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Vvulnerable : Vulnerability, capable of or susceptible to being wounded or 

hurt due to a natural phenomenon of certain intensity; 

Eexpose: Exposure, the condition of being exposed without protection to the 

effects of harsh weather. 

Flood hazard maps are clearly needed to be done first in flood risk 

assessment process. Normally, flood hazard can be assessed by field survey, 

remote sensing or computer modeling (WB, 2012). This research will employ the 

computer modeling method due to the fact that  dam failure of Dautieng, Phuoa 

Hoa, Tri An as well as extreme flood events have never happened in the past.  

The stage-damage curve describes the relation of flood damages to flood 

depths. The stage-damage curves are related to a specific class of special human 

activities or land use categories. Although the stage-damage curve in general did 

not consider the effects of flow speed, period of inundation, and sedimentation 

load and may need improvements, these concepts were still used intensively for 

flood damage assessment (Kubal et al., 2009) 

Finally, hazards maps and vulnerability maps are combined to form risk 

maps. All of the mentioned process is summarized as the bellow in Figure 5-12: 

 

Figure 5-12: Flood damage analysis algorithm 
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5.3.3. Flood damage analysis 
Hazard analysis is to derive the hazardous potentials under different scales 

of the event. In order to develop dam-break flood potential maps, it requires a 

two-dimensional distributed watershed model to estimate flood depths. Each 

watershed was divided into upstream highland catchments and a downstream 

alluvial plain with the assistance of geographical information systems (GIS). The 

upcoming flow of the upstream mountainous to the reservoir is collected from 

Chapter 3. According to the research, the MIKE NAM model of Denmark 

Hydraulic Institute was applied to compute the discharges catchments of the 

watershed from effective rainfall. 

The movement of water at the downstream can be characterized by the 

two components: the land surface runoff component representing the movement 

of water over the land surface and into channels or flood plains, and the stream 

routing component denoting flood wave propagation in channels or flood plains. 

The surface runoff is calculated by NAM for rural areas and URBAN for urban 

areas. The research area was divided into 312 sub-regions based on topographic 

data. Meanwhile, the stream component is simulated by MIKE FLOOD. 

Basically, MIKE FLOOD dynamically couples 1D (MIKE11) and 2D (MIKE21) 

modeling techniques into one single tool. According to the manual guide of DHI 

(2012), the 1D part for rivers typically connects to the 2D part by the two kinds 

of links: standard and lateral links. For a standard link, a river discharges directly 

into a flood plain; when for a lateral link, there are connection between river 

banks and flood plain, and overtopping water would flow on the 2D region. A 

series of studies on the numerical flood model in the world have been conducted 

was concluded that a coupled 1-2D hydraulic model could accurately simulate 

the overland flow characteristics. Hence, this research would utilize MIKE 

FLOOD model already setup by Institute for Water and Environment Research 
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Figure 5-13: Landuse map of Hochiminh City 

 

Curve for these different activity categories as shown in Figure 5-14 was 

developed in the previous study of the authors (Nguyen, 2014) 

The deterministic depth-damage functions considered here were derived 

from stream flooding caused by precipitation from intense thunderstorm activity 
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and long duration frontal activity. The typology of residential uses taken into 

account as in Table 5-5. 

 

 

Figure 5-14: Loss functions 

 

Table 5-5: Property of landuse class per m2 

Landuse class Property (USD/m2) 

Settlement 1000 

Road 100 

Aquaculture 14.2 

Plantation Land 5.8 

Fruit Tree  3.6 

Paddy Rice 2.7 

Tree 1.5 

Salt Field 0.97 

Other 0.02 
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Figure 5-17: Max inundation map - 

1547_B1 

 
Figure 5-18: Max inundation map -

1547_B2 

 

 
Figure 5-19: Max inundation map - 

T2_B1 

 
Figure 5-20: Max inundation map - 

T2_B2 
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Figure 5-21: Max inundation map - 

Failure of Dautieng dam 

 
Figure 5-22: Max inundation map - 

Failure of Trian dam 

 

Next, results of the inundated water depth extracted from hydrodynamic 

model are input to the flood risk analysis model (GIS-based Modeling) and 

simulated and accessed flood risk in HCMC. The obtained results of flood risk 

maps based on proposed scenarrios show from Figure 5-23 to Fiure 5-30: 











120 

 

 

 

Table 5-6: Estimated damage based on type of lands 

Landuse Estimated damage based on type of lands (Mil. USD) 

Scenarios Settlement Road Aquaculture Plantation Fruit Paddy rice Tree Salt Field Other Total 

HT_B1 1,033.14 2.79 9.59 28.93 41.36 7.62 13.96 0.70 102.55 1,241 

HT_B2 1,074.41 3.16 10.00 28.69 45.73 7.13 13.91 0.71 108.15 1,292 

1547_B1 751.48 1.88 6.86 19.82 38.90 3.81 12.76 0.70 76.89 913 

1547_B2 790.43 2.18 7.01 19.00 42.88 3.52 12.44 0.71 80.82 959 

T2_B1 750.98 2.00 4.94 22.95 36.61 5.67 3.01 0.26 72.77 899 

T2_B2 790.38 2.18 6.59 18.97 42.85 3.52 3.11 0.44 79.72 948 

DT_Dambreak 3,390.68 3.50 12.58 97.96 95.42 45.08 5.63 0.47 290.11 3,941 

TA_Dambreak 3,646.86 10.65 27.31 69.52 280.01 10.82 5.50 0.66 321.54 4,373 
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billion USD, and the 1547_B1is 913 million USD, and the lowest damage as 

T2_B1 is 899 million USD. 

By hydrological conditions B2: the flood area also reduced similarly with 

trend of the hydrology condition B1, in case of calculation for hydrological 

conditions B2 - Tri An releases the flood discharge exceeding the flood 

frequency of P = of 0.02%, the construction solution under Decision No. 

1547/QD-TTg likely the best flood control for inner areas of city center. But in 

terms of overall ability to control the flood under construction solution, T2_B2 

brings greater efficiency, particularly flooded area in the city is 55.9% according 

to T2_B2, 56.9% by 1547_B2, and 65.8% by HT_B2. Total estimated value of 

damage with HT_B2 was 1.29 billion USD, and T2_B2 were is 948 million USD. 

5.5. Conclusion  

Increased frequency and intensity of flooding events, combined with trends 

in growing urban population in most countries have led to the need for increased 

and internationally coordinated efforts to enhance technologies and policies for 

dealing with floods. A number of national and international research programs 

have made good progress in this respect, but much more is needed in order to 

improve flood management strategies. This research has adopted an original 

approach that aims to quantify the cost-effectiveness of resilience measures and 

integrative and adaptable flood management plans for different scenarios. 

To access the max inundated water depth in HCMC, the 1-2D MIKE 

FLOOD Molde was applied for simulating inundated water depth. The map 

results of inundation indicated that the JICA-2001 could not protect HCMC even 

only center of urban from flood and tide. Moreover, the inundation caused by 

flood increased significantly urban center under flood scenarios. 

With the project 1547/QD-TTg, almost area in city urban could be 

protected from the upstream flood and tide. However,   the suburbs of the city 

was trend of increasing flood inundation. It was explained that the project 
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1547/QD-TTg protect inner of HCMC by preventing over-land flows from flood, 

and total amount of flood water volume was entered to smaller areas. As 

comparison of inundated results between JICA-2001 and Project 1547/QD-TTg, 

total inundated area of Cangio Mangroves forest in Project 1547/QD-TTg had 

slightly higher than in JICA-2001. 

By the Project of sea dike, inundated area inner of HCMC was slightly 

decrease as compared to JICA-2001. But total inundated area of whole HCMC 

was dramatically reduced as compared with JICA-2001 and Project 1547/QD-

TTg. Depending on goals to flood control in HCMC, scenarios of Project 

1547QD-TTg and Sea Dike were considered. 

In economic aspect, the results of flood risk and damage analysis showed 

that the project of JICA-2001 for protecting HCMC from rainfall was not 

appreciate in context of increasing of sea level and upstream flood. Total 

economic losses was estimated around 1,240.66 milion USD, 1,291.89 million 

USD, 3,941.41 million USD and 4,372.89 milion USD in B1, B2, Dau Tieng 

dam failure and Trian dam failure, respectively. 

By the Project 1547/QD-TTg, total losses were 913.09 milion USD and 

958.89 milion USD in B1 and B2 hydrological conditions, respectively. It 

showed that total losses in Project 1547/QD-TTg siginificanly reduced as 

compared to the project of JICA-2001.  

Project of Sea Dike was also estimated the damage losses, and total losses 

in this scenarios was smallest as compared to other scenarios. The results of 

damaged losses were 899.19 milion USD in B1 hydrological condition and 

947.77 milion USD in B2 hydrological condition. 

  Although sea dike project was better to reduce the damaged losses, 

Project 1547/QD-TTg was better to flood control in urban center of HCMC. 

Furthermore, the cost for construction also a important factor to be considered, 

but this was not analyzed in this research. 
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Figure 6-1: Map Showing Current and Proposed Mainstream Mekong 
Hydropower Dams 

 

Several studies (Lu and Siew, 2006; Liu and He, 2012; Liu et al., 2013) 

showed that these dams reduced the sediment delivery from the Lancang River to 

downstream Mekong. Some studies reported that, total suspended sediment 

(TSS) discharge from the Chiang Saen branch reduced from mean annual 75 

million m3 (during the period of 1962-1992) to 35 million m3 (during the period 

of 1993-2003). Similarly, in the Khong Chaim branch, reduced from 180 million 
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Kratie ( 3) Kratie Kratie2.65 10t t tSSD SSC Q�� � u � u�u�    (6-2)   

Where, Kratie
tSSD  is sediment discharge [m3/s] at time t at Kratie.  

The hydrodynamic model was calibrated and validated with the observed 

discharge and water level data from the year 2000 and 2002. The year 2000 can 

be considered as a big flooding year and the 2002 as a normal flooding year. The 

sediment transport model was calibrated validated using the data of sediment 

discharge data from 2002. These data were collected by the Division of Science 

and Technology, Thuyloi University, Vietnam (former Water Resources 

University). The locations of the data stations are shown in the Figure 6-2 and 

Figure 6-3. 

 

Figure 6-2: Lower Mekong River and location of hydrological stations 
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Figure 6-3: Study area and location of sediment mobile stations 

 

6.3.3. Mike 11 model 

Mike 11 model, developed by DHI, is a modeling system for simulating 

water flow, water quality and sediment transport in estuaries, rivers, irrigation 

channels and other water bodies (DHI, 2012). It comprises of a number of 

modules, such as Hydrodynamic (HD), Rainfall Runoff (RR), Advection 

Dispersion (AD), Water Quality (ECOLab), Sediment Transport (ST) etc. We 

used the HD module with its fully hydrodynamic method based on Saint-Venant 

equations for the river flow. The RR and ST modules will be discussed 

separately below. The MLD is a very complicated network of rivers and channels. 

All rivers and channels in the LMD and Dong Nai-Saigon River system are 

represented in the model with 4,110 branches and reaches with a total length of 

24,200 km and 39,780 cross sections. Three types of river structures are 

represented, which are 19 free overflow weirs (broad-crested), 14 culverts 

(rectangular section) and 2,429 underflow control structures (see Figure 6-4). 

The control structures are treated as automatic with upstream/downstream water 

level control. To prevent the flow of sea (saline) water into the paddy fields, the 
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