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Floods are complex processes that are affected by human-natural system interactions. The 

accelerating human interventions to the hydrological cycle necessitates the representation of 

coupled human-natural systems in analysing and understanding water management options. The 

operation of artificial reservoirs is among the human interventions with the largest impact to the 

hydrological cycle. While multiple benefits can be gained from reservoir operation, the multi-

functional nature of reservoirs makes their operation difficult – trade-offs may exist between each 

competing functions. Integrated models are necessary for addressing such issues. While the 

impacts of the operation of large reservoirs on augmenting limited water supply (e.g. through 

irrigation, water scarcity, water withdrawal related studies) have already been assessed through 

integrated models, their impacts on large scale flooding and flood inundation are rarely assessed. 

The increasing flood risks necessitates the development of better tools which takes into account 

the impacts of artificial reservoirs to flood inundation. 

This dissertation aims to improve the representation of human impacts, particularly of reservoirs 

and their operation, in a hydrodynamic river model. This goal is attained by representing reservoirs 

in elevation maps and integrating their operation as a subroutine in a state-of-the-art global 

hydrodynamic model, CaMa-Flood Model. The reservoir operation subroutine is based from the 

reservoir operation algorithm and module in one of the pioneering integrated water resources 

model, H08. By doing so, a new tool which allows more seamless large-scale assessments of human 

impacts to hydrodynamic flows is developed.  

To ensure the local applicability of the model, it is applied and tested in the Chao Phraya River 

Basin, the largest and most important geographical unit in Thailand. The lowermost region is a 

delta which empties into the Gulf of Thailand. These geographic features make the region highly 

prone to flood inundation.  In 2011, successive and excessive rainfall resulted to an immense flood 

catastrophe in the Chao Phraya River Basin. To date, the Thailand flood of 2011 is said to be the 

most economically damaging flood in history, both in overall losses and insured losses.  

Several studies have already been conducted to analyze the Thai floods but most of them have 

focused on the natural factors that impacted the flood event. This dissertation contains one of the 

pioneering research which assessed the impacts of large-scale reservoir operation on the Thai flood 

inundation. H08, an integrated water resources model with a reservoir operation module, was 

combined with CaMa-Flood, a river routing model for the representation of flood dynamics. The 

combined H08-CaMa model was applied to simulate and assess the historical and alternative 

reservoir operation rules in the two largest reservoirs in the basin, Bhumibol and Sirikit Reservoirs. 

The combined H08-CaMa model effectively simulated the 2011 flood: regulated flows at a major 
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gauging station have high daily NSE-coefficient of 92% as compared with observed discharge; 

spatiotemporal extent of simulated flood inundation match well with those of satellite observations. 

Simulation results show that through the operation of reservoirs in 2011, flood volume was 

reduced by 8.6 billion m3 and both flood depth and flood area were reduced by 40% on the average.  

Nonetheless, simple modifications in reservoir operation proved to further reduce the flood 

volume by 2.4 million m3 and the flood depth and flood area by 20% on the average. A more 

realistic simulation of the 2011 Thai flood was made possible by modeling reservoir operation with 

a hydrodynamic model; the possibility of reducing flood inundation through improved reservoir 

management was quantified. 

The utility of the combined H08-CaMa model in simulating the impacts of climate change and 

reservoir operation to the water balance and flood inundation in Chao Phraya River Basin was also 

demonstrated. The ensemble means of the simulation results using eight bias-corrected CMIP5 

general circulation models (GCMs) under two representative concentration path scenarios (RCP), 

RCP4.5 and RCP8.5, for the near future from 2041 to 2059 and far future from 2081-2099 were 

compared with the base period simulation from 1981 to 1999. While the percent change in 

evapotranspiration within the catchment area of the two reservoirs in both RCP scenarios will not 

significantly increase, precipitation may significantly increase. This results to an increase in runoff 

of 40-50% in RCP8.5. While the change in dry season ranges from -10mm to 10mm, the wet 

season runoff could increase by as much as 160mm in RCP8.5. Hence, the frequency of reservoir 

emptying will decrease while spilling will increase by as much as 5 times of that of the base period 

in RCP8.5. Consequently, flooding in the basin will be more frequent and more severe. It was 

found that the mean inundated area downstream of the two reservoirs will increase by about 130% 

in RCP8.5. These results clearly indicate that under a changing climate, in the future, a shift of 

reservoir operation towards prioritizing flood mitigation over drought mitigation will be beneficial 

in the Chao Phraya River Basin. The study is thus relevant for preparing necessary adaptation 

measures to minimize the damages in the future. 

These studies demonstrate the relevance of including anthropogenic effects in advanced global 

hydrological and river routing models for improving water resources management and flood 

mitigation in the present as well as in the future. However, several challenges still remain for the 

model to be useful for operation or practical purposes: (1) relatively coarse resolution, (2) low 

predictive skill of flooding in delta, and (3) several physical inconsistencies in forcing CaMa-Flood 

with the reservoir operation flows.  

While numerous studies have shown that finer resolutions result to better predictions of 

catchment-scale floods using catchment-scale hydrodynamic models, the impact of finer spatial 
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resolution on flood predictions using global-scale river models is rarely examined. Hence, the 

suitability of CaMa-Flood river model with a new complex flow scheme which represents multi-

directional downstream connectivity (MDC), in hyperresolution modelling of large-scale floods 

was assessed. The impacts of (1) spatial resolution, and (2) representation of sub-grid processes 

on simulating the inundated area and discharge during the immense flood in 2011 in Chao Phraya 

River Basin, Thailand was examined. Using several statistical metrics, it was found that when MDC 

is considered, simulation results slightly improved with finer spatial resolution. However, when 

MDC is ignored, the predictive capability of the model significantly declined with finer spatial 

resolution; Nash-Sutcliffe Efficiency coefficient decreased by more than 35%  in simulation results 

at 1km resolution as compared with those at 10km resolution. In coarser spatial resolutions, 

floodplains flow along the same direction as the main channels. When simulating in finer spatial 

resolutions, areas that were expressed as floodplains in coarser spatial resolutions are discretized 

into small river channels. This results to disconnected floodplains which may only flow towards 

the main channels. Hence, the flow capacity of such floodplains is greatly reduced. In the event of 

heavy flooding, the reduced flow connectivity and flow capacity result to unrealistic “build-ups” 

and backflows. MDC pathways reduce such impacts by allowing water to flow in between 

floodplains, thereby maintaining the similar flow capacity as in coarser resolutions. The 

representation of MDC thereby results to more realistic flows between floodplains and deltas in 

hyperresolution modelling. These results indicate that large-scale flood predictions may not 

necessarily improve with hyperresolution modelling – improved physical process representation 

will have to be implemented. 

Several models have already succeeded in representing artificial reservoir operation in hydrological 

and river routing models. These representations usually rely on virtual representations of reservoirs 

and manipulations of volumetric flows from storage relationships. Physically representing 

reservoirs in models will be beneficial for biogeochemical assessments, calculation of nutrient 

cycling and flows, and ecological assessments, among others. 

Due to the limitation in satellite observations, dams and their corresponding reservoirs are typically 

physically represented in existing topography maps as shallow, elevated lakes that suddenly fall to 

its downstream. The volume of water impounded in dams are thereby underrepresented and 

underestimated. To improve the representation of reservoir operation, Bhumibol and Sirikit 

Reservoirs were explicitly represented by using interpolation techniques to modify the elevation of 

the areas identified as “flat” in the original elevation maps. A new algorithm was developed to 

detect the dams and their corresponding reservoirs using existing DEMs and river flow maps 

derived from SRTM and HydroSHEDS; the topography underlying the water surface was inferred 
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and interpolated using the following information: the elevation of the inflow and outflow grids, 

river lengths, and river sequence map. To integrate the reservoir operation algorithm previously 

used in H08, a similar computer code was then written as a subroutine in CaMa-Flood. The new 

code uses empirically-derived dam storage-water level relationships to convert the simulated water 

level to reservoir storage. The dam outflows were calculated using the reservoir storage and release 

rules. The outflows, water level, and dam storage in the downstream grid is then updated. 

It was found that the natural flows would significantly change when the bathymetry is changed. 

The flat elevation in the original DEMs significantly reduces the flow gradient within the reservoirs. 

Such topography causes water to create a pool of water upstream of the reservoir in order to create 

a sufficient gradient for water to flow downstream. The pooling of water results to delayed and 

lower peaks in discharge, particularly during the dry season. It also results to lower flow 

fluctuations, suggesting slower response to rainfall and runoff. Such effects may be significant 

during droughts and when intense rainfall suddenly occurs after a dry spell. 

Such changes in the natural flows were taken into account in the reservoir operation algorithm. By 

using the new elevation and the new modelling framework, it was found that the reservoir storage 

and water levels can be more realistically simulated. The flat elevation in the original DEMs cause 

extensive backflows when the reservoir operation algorithm is used. By representing the 

bathymetry of the reservoirs, such unrealistic backflows can be avoided, resulting to a significant 

improvement in the simulated flood inundation within the areas surrounding the reservoir. Hence, 

the efficiency of the model in simulating flows in the reservoirs and the surrounding areas have 

significantly improved.  

In summary, this research demonstrated that global hydrological and river models can be used to 

provide locally-relevant information such as those needed for better water management, disaster 

mitigation, and climate change adaptation. New techniques for representing human impacts, 

particularly, reservoir operation, were developed and have been implemented in global models, 

H08, integrated water resources model and CaMa-Flood, hydrodynamic model. The relative 

impacts of finer spatial scales and subgrid processes representation on flood prediction have also 

been assessed. It was found that CaMa-Flood can be suitably used for hyperresolution modelling 

provided that floodplain flow processes are adequately represented.  

To conclude, the results of this research are deemed to be important in directing efforts in 

modelling anthropogenic impacts with hydrodynamics in regional to global scales. The discussions 

provided are essential for improving our understanding of the underlying issues of scale and the 

necessary representation of physical processes. Overall, this dissertation contributes to progress in 

physically-based modelling and their application for better prediction of large-scale floods. 
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CHAPTER 1 

Introduction 

 

“Anthropogenic alterations of hydrology can have a major impact on ecosystems, 

agriculture, and other biogeochemical systems.”  

–Vörösmarty and Sahagian, 2000 

“With the current acceleration of human impacts, it is becoming increasingly 

clear that improved accounting for change, interactions and feedbacks is necessary 

to reach a better interpretation of coupled human-natural systems.” “…it is 

necessary to study and represent the connection between water and humans more 

deeply, as this is one of the main drivers of change and is connected to both 

sustainable water use and sustainable development.”  

– Montanari et al., 2015 (Panta Rhei) 

“The largest impact of human intervention on the hydrological cycle arises from 

the operation of reservoirs that drastically changes the seasonal pattern of 

horizontal water transport in the river system and thereby directly and indirectly 

affects a number of processes such as ability to decompose organic matter or the 

cycling of nutrients in the river system.” 

-Wisser et al., 2010 

 

1.1 INCREASING FLOOD RISKS AND VULNERABILITY 

Catastrophes due to extensive, large scale flood inundation have 

become more prevalent, especially in the last two decades 

[Brakenridge, 2015; EM-DAT, 2015]. On a huge percentage of the 

world, such flood risks are projected to increase with changing 

climate and increasing population [Milly et al., 2002; Dankers et al., 

2014; Hirabayashi et al., 2013]. Hence, there is an increasing need for 
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1 Introduction 

improved capability to predict and forecast flood inundation in regional to global scales. Although 

flood events typically occur in smaller scales, analyses in large to global scales are essential to 

identify hotspots, undertake concerted efforts to address future problems in a consistent manner, 

and provide information for international financing of management and mitigation projects [Döll 

et al., 2003, Adhikari et al., 2010]. 

Although a few of these extreme flood events can be attributed to anthropogenic climate change 

[e.g. Pall et al., 2011], the IPCC special report on extreme events [IPCC, 2012] argues that there is 

limited to medium evidence of observed changes in magnitude and frequency of floods due to 

climate change. This is mainly due to limitations in observed flood records and to the difficulty in 

separating the complex impacts of human impacts such as land use and water resources 

management to flooding. The latter reason highlights the need for an integrated approach, one that 

takes into account both natural and anthropogenic influences, in analysing and predicting flood 

events. 

 

1.2 THE IMPORTANCE OF RIVER MODELS 

Global river routing and flood inundation models (global river models) are of great importance in 

understanding and assessing the previously mentioned issues. For the past two decades, global river 

models have been indispensable for numerous applications such as providing global estimates of 

the water cycle components, estimating virtual water trade, validating the outputs of general 

circulation models (GCMs), and for integrated analysis of economical, ecological, and 

biogeochemical impacts of global changes [Oki and Sud, 1998; Vörösmarty, Green, Salisbury, & 

Lammers, 2000; Döll et al., 2003; Hanasaki et al., 2008b; Lehner and Grill, 2013].  

As compared with more detailed hydrodynamic or flood dynamic inundation models developed 

for catchment or basin scales, global river models are still preferable for coupling with GCMs and 

for ensemble predictions. Catchment or basin scale hydrodynamic models usually require discharge 

estimates as inputs. Hence, when applied in regional or global domains, they are significantly 

http://www.sciencedirect.com/science/article/pii/S0022169402002834
http://www.sciencedirect.com/science/article/pii/S0022169402002834
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hindered by the absence or limited availability of discharge estimates [Smith et al., 2015] or by the 

significant amount of boundary data processing required when using runoff outputs from global 

hydrological models (GHMs) or  GCMs [Yamazaki, Sato, et al., 2014]. Global river models, on the 

other hand, are typically structured to route or process the gridded outputs of GHMs and GCMs.  

Earlier versions of these models, however, cannot explicitly simulate flood inundation because of 

their simpler flow schemes and the lack of representation of sub-grid scale river channels and 

floodplain topography which control flood dynamics [Yamazaki et al., 2011; Neal et al., 2012b]. 

Efforts to explicitly simulate flood inundation in global river models have just started recently [e.g. 

through implementing advanced floodplain inundation schemes (Coe et al., 2008;  Decharme et al. 

2008; Getirana et al., 2012); by using full St. Venant momentum equation (Paiva et al., 2011, 2013); 

by using local inertial flow equation (in CaMa-Flood by Yamazaki et al., 2013); and recently, by 

inclusion of multi-directional downstream flow schemes (the latest version of CaMa-Flood by 

Yamazaki, Sato, et al., 2014)]. Generally, these newer generation of river models implement better 

representation of hydrodynamics to simulate the flow and evolution of water storages on the land 

surface. 

As their development have just been very recent, unlike earlier generation of global river models 

which have been elemental in integrating other water-related processes, the new generation of 

hydrodynamic river models are yet to be coupled or integrated with other processes such as human 

interventions with and management of water resources. However, as mentioned previously, flood 

events are increasingly becoming more complex as they are influenced by the confounding factors 

caused by anthropogenic interventions – these factors must be considered in order to have more 

reliable predictions [Di Baldassarre et al. 2013; Kundzewicz et al., 2014;  Sivapalan et al., 2011, 

Wagener et al. 2010]. Hence, advancements towards integrating or incorporating human impact 

components on a hydrodynamic river model for more realistic flood predictions should be pursued.  

 

 

http://www.tandfonline.com/doi/full/10.1080/02626667.2013.809088#CIT0031
http://www.tandfonline.com/doi/full/10.1080/02626667.2013.809088#CIT0118
http://www.tandfonline.com/doi/full/10.1080/02626667.2013.809088#CIT0139
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1.3 THE IMPORTANCE OF ARTIFICIAL RESERVOIRS 

Among the anthropogenic interventions to the hydrological cycle, artificial reservoirs are said to 

have the highest impacts due to their interference with the seasonal availability and flow of water 

[Hanasaki et al., 20606, Wisser et al., 2010]. They have been essential for protecting the downstream 

of the river basin from immense flooding. They have also been essential for providing water for 

irrigation and water supply, thereby making them useful for drought mitigation. Artificial reservoirs 

are also essential for providing energy through hydropower as well as providing some ecological 

services. While multiple benefits can be gained from reservoir operation, the multi-functional 

nature of reservoirs makes their operation difficult – trade-offs may exist between each competing 

functions [Mateo et al., 2013]. For example, operating reservoirs to highly prioritize flood 

mitigation in one season can lead to insufficient water for hydropower and for water supply in the 

subsequent dry season. Models which integrate simplified representation of reservoir operation can 

be helpful in assessing and balancing such trade-offs as well as understanding how such operation 

affects the water cycle.  

 

1.4 OBJECTIVES AND SIGNIFICANCE OF THE STUDY 

While regional to global analyses of flood risks using advanced global river models exist [Dankers 

et al., 2014; Hirabayashi et al., 2013], flood inundation analyses on the large-scale which include 

human impacts, particularly of reservoir operation, rarely exist. With the increasing interventions 

of humans in the Anthropocene, the beneficial and detrimental impacts of reservoirs on large river 

basins are becoming more apparent. Thus, in order to harness the potential benefits and reduce 

the impending damages that can be incurred from reservoir operation, the need to quantify and 

understand their impacts is increasing. 

Primarily, this dissertation aims to improve the representation of human impacts, particularly of 

reservoirs and their operation, in a global hydrodynamic river model. This goal is attained by 

representing reservoirs in elevation maps and integrating their operation as a subroutine in a state-
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of-the-art global hydrodynamic model, CaMa-Flood Model [Yamazaki et al., 2011; Yamazaki, Sato, 

et al., 2014]. The reservoir operation subroutine is based from the reservoir operation algorithm 

and module in one of the pioneering integrated water resources model, H08 [Hanasaki et al., 2008a]. 

With such improvement in modelling capabilities, our capability to understand and assess natural-

human impacts on large-scale flood inundation will also be enhanced. 

Secondarily, this study aims to assess and improve the applicability of the modelling framework in 

regional to local scales. To attain this, issues of scale and appropriate physical representation of 

processes are investigated. The modelling frameworks and tools developed herein are tested and 

applied in a region with a low-lying floodplain, the Chao Phraya River Basin. The said river basin 

is prone to both floods and droughts which are alleviated by the management of two large 

reservoirs upstream, the Bhumibol and Sirikit Reservoirs. Floodplains in low-lying regions which 

are among the most vulnerable areas to flooding and to the impacts of human interventions are 

deemed to benefit from this study. 

To this end, this thesis contributes towards the ongoing hydrologic community efforts of 

developing models which have “more comprehensive representation of the links and feedbacks 

between hydrological and human system” [Montanari et al., 2013 (Panta Rhei)] and which can be 

“applicable everywhere and are locally relevant” [Bierkens et al., 2015 (Hyperresolution Challenge)]. 

 

1.5 ORGANIZATION OF THIS DISSERTATION 

This dissertation is organized so that the reader may easily follow the improvements implemented 

on the hydrologic (H08) and hydrodynamic (CaMa) models used. Chapter 2 orients the reader with 

the state-of-the-art in the research in the two main areas of concern of this dissertation: flood 

inundation modelling using hydrodynamic river models and reservoir operation modelling in 

regional to global scales.  Chapter 3 gives a brief description of the hydrologic and hydrodynamic 

models used and the river basin in which the applicability of the models are tested. The applicability 

of the models in simulating natural flows in the basin will also be demonstrated in this chapter. 
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Chapter 4 describes the improvements implemented in order to model how the operation of the 

two huge reservoirs in the river basin adjust to manage the interannual and seasonal variation of 

water in the river basin. A modelling framework which simulates reservoir operation as an 

integrated module in H08 and uses the runoff and reservoir release as inputs to CaMa-Flood is 

used. The applicability of the combined H08-CaMa model with improved reservoir operation 

algorithm for three purposes are demonstrated: 1) simulating the world’s most economically 

damaging event – the immense 2011 Thai flood, 2) proposing and assessing improvements in 

reservoir operation, and 3) assessing the combined impacts of climate change and reservoir 

operation in the river basin. Several issues in the model results or modelling framework will be 

discussed in detail. Two of these issues will be addressed in the next two chapters. Chapter 5 

addresses the issue of overestimation of the flooded areas in the low-lying areas of the basin. It 

explicates the role of finer spatial resolutions and better physical representation of flow physics in 

providing more reliable flood inundation predictions in floodplains. Two model configurations of 

CaMa-Flood are implemented in varying spatial resolutions. Chapter 6 addresses the issue of a 

more physically-based and more seamless integration of reservoirs in the hydrodynamic model. 

Two major model developments are implemented in this chapter: (1) rather than using virtual 

storages, the bathymetry of reservoirs are physically represented in the elevation maps used in 

CaMa-Flood, and (2) rather than simulating as an integrated module within H08, the reservoir 

operation algorithm used in Chapter 3 is integrated as a subroutine within CaMa-Flood. Chapter 7 

summarizes the key points of the dissertation, expounds on its contributions and limitations, and 

finally, directs the reader towards possible future directions for improving the flood predictions 

through hydrodynamic modelling with reservoirs. 



 

CHAPTER 2 

The state-of-the-art in flood 

inundation and reservoir operation 

modelling 

 

This chapter reviews published literature on two main research fields from which 

this dissertation is founded: (1) flood inundation modelling using hydrodynamic 

models, and (2) representing reservoirs and modelling their operation. While 

small-scale models (those that are especially made for and applied in small 

catchments or short reaches), this dissertation and this review focuses on large-

scale models (those that use general parameters and globally-available datasets 

and are applied in regional to global domains). In each of the research fields 

mentioned, the significant studies and key developments will be discussed, and the 

gaps and limitations will be identified.  

 

2.1 THE STATE-OF-THE-ART IN FLOOD INUNDATION 

MODELLING USING HYDRODYNAMIC MODELS 

With the increasing computational capability and the advent and 

acceleration of advancements in remotely sensed data [Bates et al., 

2004], the development of hydrodynamic and flood inundation 

modelling have greatly accelerated in the past decade. Remotely 

sensed data provided the information necessary for friction 

parameterization, topographical parameterization, and wide-area 

model validation, among others [Bates et al., 2012]. Such information 

allow for the continued progress in flood inundation modelling. 

 Integration or joint use of 

hydrodynamic models 

with reservoir operation 

in the large scales are 

rarely conducted 

 The applicability of 

regional to global scale 

hydrodynamic models to 

finer resolution 

implementations for 

better local applicability 

have never been assessed 

 Large scale impacts of 

reservoir operation to 

floodplain inundation are 

rarely conducted 

 

MAJOR  
RESEARCH GAPS 
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There are two main families of hydrodynamic river models: those that have been developed to 

simulate flood inundation at small catchment to basin scales, and those that have been developed 

to route water in regional to global scales. Because of the differences in their intended purposes, 

the level of complexity of these models also vary. 

Catchment to basin scale hydrodynamic models (also called hydraulic models) were constructed 

based on a sound understanding of the physical laws governing the movement of water in small 

scales [Kirchner, 2006]. Compared with global-scale river models, these models usually have a more 

complete, thereby more complex representation of surface water flow physics. Early investigations 

in this field used mesh discretization and two-dimensional (2D) finite element codes for solving 

shallow water equations [e.g. Bates et al., 1992; Bates et al., 1998; Hardy et al., 1999]. Such models 

proved to be useful in modelling floodplain flows [Baird & Anderson, 1992; Bates et al., 1992], 

validation and modelling flows in ungauged catchments [e.g. Baird, Gee, & Anderson, 1992], and 

modelling sediment fluxes and pollution transport [e.g. Hardy, Bates, & Anderson, 2000; 

Papanicolaou, Krallis, & Edinger, 2008] in small river reaches, estuaries, and floodplains. To reduce 

the computational costs of such complex models, simplifications to the shallow water equations 

have also been investigated and applied [Hunter et al., 2007; McMillan & Brasington, 2007]. Using 

rectangular channels and 1D St. Venant’s flow equations solved using parabolic approximations, 

Oliveri and Santoro [2000] estimated the urban flood damages in Palermo, Italy. Simplifications of 

the shallow water equations using 1D-2D channel-floodplain approach and using 2D St. Venant’s 

estimation have also been evaluated for predicting flood inundation [e.g. in a 60km reach of River 

Severn in UK by Horritt and Bates, 2002]. This study, along with other more recent studies 

examining the complexity of catchment scale hydrodynamic models, have found that topography 

(and other small-scale, man-made features such as dikes, bridges, and diversion canals), rather than 

model complexity, is the major factor determining flood inundation patterns [Bates, 2012; Cook 

and Merwade, 2009; Hardy et al., 1999; Horritt and Bates, 2002]. Hence, such models have been 

usually implemented in fine spatial resolution and in smaller domains. 
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The predictive capability of hydrodynamic models deteriorate when implemented in coarser 

resolutions and when applied to more complex, heterogenous systems in larger domains [Kirchner, 

2006]. When applied in coarser resolution simulations, topographical details which control flow 

connectivity and boundary necessary for flood wave propagation cannot be represented explicitly 

[Neal, Schumann, & Bates, 2012 and Neal, Villanueva et al, 2012].  The implementation of 

hydrodynamic models in very fine resolutions on large- to global-scale domains entails high 

computational costs. Hence, these hydrodynamic models were usually implemented and assessed 

in short river reaches to small catchments. Although several small-scale hydrodynamic models have 

recently been implemented on large river basins by representing sub-grid topographical controls in 

coarser resolutions [e.g. Wilson et al., 2007; Neal, Schumann, & Bates, 2012], they are yet to be 

coupled with general circulation models (GCMs). Global or multiple large-scale basins application 

of small-scale or regional hydrodynamic models coupled with GCMs would require a significant 

amount of boundary data processing [Yamazaki, Sato, et al., 2014]. 

Compared with detailed river hydrodynamic models developed for catchment or basin scales, 

regional or global hydrodynamic models have simpler flow physics representation and have fewer, 

globally-available parameters [Neal, Schumann, & Bates, 2012; Sood and Smakhtin, 2015]. Most 

global river models (GRMs) have been typically structured to route or process the gridded outputs 

of GCMs, land surface models (LSMs), and global hydrological models (GHMs). Earlier versions 

of global river models typically use flow schemes based on water balance or storage cell model, 

kinematic wave model, and other variants which ignore some components of the dynamic water 

flow [e.g. TRIP of Oki and Sud, 1998; HYDRA of Coe, 2000; TRIP2 of Ngo-Duc et al., 2007]. 

These models, however, cannot explicitly simulate flood inundation because of their simpler flow 

schemes and the lack of representation of sub-grid scale river channels and floodplain topography 

which control flood dynamics [Yamazaki et al., 2011; Neal, Schumann, & Bates, 2012]. Efforts to 

explicitly simulate flood inundation in global river models have just started recently. 
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To explicitly simulate flood inundation and surface waters dynamics in the Amazon River Basin, 

Coe et al. [2008] used empirically-based equations to define the sub-grid morphological 

characteristics of a river (i.e. river width, height, and bank full volume), improved river flow velocity 

equation, and  1km resolution topographic data from SRTM. With these improvements, they have 

greatly reduced the error in simulated wet-season flooded area in the Amazon mainstem from 1983-

1988 as compared with satellite-derived estimates. Similarly, Decharme et al [2008] used simple yet 

explicit representations of stream reservoirs (rectangular cross-section) and floodplain reservoirs 

(cubic cross-section) in the ISBA-TRIP coupled LSM-GRM to analyse and understand the 

interactions of inundated areas and wetlands with the climate and with the hydrological cycle. This 

was made possible by coupling the stream and floodplain reservoirs with the soil through 

infiltration and with the overlying atmosphere through precipitation and evapotranspiration. In 

addition to improvements in accuracy in simulating discharge and gaining reasonable capability to 

simulate flood inundation, the offline evaluation of the model over South America found a basin-

scale increase in surface evaporation due to wetlands and inundated areas. These simplified 

representation of rivers and floodplains used statistical or conceptual parameters to infer the 

relationship between surface water movements and river stages.  

Yamazaki et al [2011] improved the subgrid representation of river (or stream) and floodplain 

topographies through the introduction of the CaMa-Flood model. The subgrid topographic 

parameters and river networks are derived from fine-resolution flow direction maps and DEMs. 

Within each unit catchment, the floodplain elevation profile is derived from the cumulative 

distribution function of the SRTM30 elevation. The simplified function for the floodplain elevation 

profile is then used to diagnose flooded area fraction at a certain water depth or flood stage. The 

only prognostic variable is water storage and the rest of the variables are diagnosed from the water 

storage. Water mass is assumed to be instantaneously exchanged between channel and floodplain 

such that the water surface elevations in the two reservoirs are the same. Flow through the channel 

is calculated using diffusive wave equation. With these improvements, the simulation of daily river 
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discharge in major rivers as well as inundation in floodplains were both improved. However, early 

peaking of discharge was observed which was attributed to the assumption of instantaneous water 

exchange between river channels and floodplains. 

Similarly, Paiva et al [2013] found that river-floodplain water exchange and storage as well as 

pressure forces and backwater effects play important roles in attenuating flood waves in the 

Amazon River hydrodynamics. They used a relatively complex and complete approach to river 

hydraulics modelling by implementing full St. Venant momentum equations [Paiva et al., 2011]. 

They also used fine resolution DEM and GIS-based algorithms to discretize the river reaches, and 

geomorphic tin the Solimoes River in Amazon River Basin.  

To improve the representation of floodplain dynamics, Getirana et al [2012] combined the main 

features of CaMa-Flood [Yamazaki et al., 2011] and ISBA-TRIP [Decharme et al., 2008] into a 

global flow routing scheme called HyMAP. The end goal of developing the model is similar to that 

of ISBA-TRIP which is to create a hydrodynamic model that can potentially be coupled with 

atmospheric models. It improved the physical representation of floodplain flows by allowing the 

water in the floodplain reservoir to flow to the downstream unit-catchment, similar with the flow 

in the river channel, using kinematic wave equation. Water interchange between floodplain and 

river channel is still instantaneous but the derivation of the floodplain elevation profile was 

improved by using a corrected SRTM30 DEM [Yamazaki, Baugh et al., 2012] and by considering 

the bank-full water surface area of river channels (previously neglected by Yamazaki et al., 2011 

and Decharme et al., 2008). 

Most of these improvements in flow physics have also been incorporated in the later version of 

CaMa-Flood [Yamazaki, Lee et al., 2012] by improving the representation of water surface 

elevations of water stored in floodplains and river channels and allowing the water in floodplains 

to flow to the downstream unit-catchment using diffusive wave equation. To increase its calculation 

efficiency, the CaMa-Flood was revised to implement a more complete shallow water equation in 

the form of the local intertial flow [Bates et al., 2010] for calculating river channel and floodplain 
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discharge and to use vector instead of raster-based components [Yamazaki et al., 2013]. Most 

recently, a bifurcation scheme had been incorporated in the model which allows the simulation of 

flows in braided rivers, artificial canals, and in between floodplains that do not have upstream-

downstream relationships [Yamazaki, Sato, et al., 2014]. With these improvements, it can be said 

that CaMa-Flood model is currently at the frontier of large-scale hydrodynamic and flood 

inundation modelling.  

 

2.2 GAPS AND LIMITATIONS: HYDRODYNAMIC MODELLING IN LARGE SCALES 

Despite the developments in hydrological, hydrodynamic, and flood inundation modelling [e.g. 

Neal, Schumann, & Bates, 2012; Pappenberger et al., 2008; Vergnes and Decharme, 2012; 

Yamazaki, Sato, et al., 2014], greater availability and accessibility of data [e.g. Lehner and Grill, 

2013], and improved remote sensing and assimilation techniques [Bates, 2004, 2012; Schumann et 

al., 2009], large-scale flood predictions remain uncertain and flood management is often sub-

optimal [Arduino et al., 2005; Baldassarre and Uhlenbrook, 2012]. One of the prevailing issues is 

the spatial scale at which most of the existing global flood inundation studies are implemented – 

their outputs are too coarse for operational or practical purposes [Wood et al., 2011; Lehner and 

Grill, 2013]. In order to adequately provide flood as well as other water cycle information critical 

to the society, Wood et al. [2011] challenged the hydrological community to pursue hyper-

resolution modelling.  The group defined hyper-resolution modelling as the implementation of 

models at much higher spatial resolutions: about 1km at the global scale and about 100m at the 

continental scale. With respect to surface water and flood modelling, they have highlighted the 

need for high spatial resolution to capture topographical controls which are necessary for flood 

dynamics and inundation modelling. 

In terms of modelling, there are two main approaches in addressing this challenge: expand the 

implementation of fine resolution, small basin-scale models from short river reaches to continental 

or global domains, or improve the physical representation of water movement in global-scale 
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hydrodynamic models and implement them at hyper-resolution. Unlike small-scale hydrodynamic 

models, the sensitivity to varying spatial scales and suitability for finer to hyper-resolution 

modelling of global-scale hydrodynamic models are yet to be assessed.  

While large- to global-scale models may benefit from finer representation of topographical controls, 

Beven and Cloke [2012] argued that predictability issues cannot be simply solved by hyper-

resolution modelling – heterogeneities will continue to exist even in hyper-resolution simulations. 

Hence, it is argued that more focus should be given to addressing fundamental issues related to the 

realistic sub-grid scale parameterization and processes representation [Beven and Cloke, 2012], and 

the epistemic uncertainties associated with the current prediction methods [Baldassarre and 

Uhlenbrook, 2012]. Wood et al. [2012] agreed that more research and modelling improvements 

still need to be done to address scale-appropriate parameterizations but the hydrologic community 

must work together “to define what is needed to develop robust hyper-resolution Earth System 

Models that include appropriate hyper-resolution land surface parameterizations.” In a recent 

review of research activities that have been conducted to respond to this challenge, Bierkens et al. 

[2015] gave emphasis on the end goal of hyper-resolution modelling – to develop models that are 

applicable “everywhere and are locally relevant.” 

Wood et al [2011] further identified six main issues that need to be addressed in order to achieve 

hyper-resolution modelling: (1) surface and subsurface interactions, (2) land-atmosphere 

interactions, (3) human impacts on water cycle, (4) water quality, (5) computational considerations, 

and (6) observations and data. With respect to hydrodynamic modelling efforts, ISBA-TRIP 

[Decharme et al., 2008] and HyMAP [Getirana et al., 2012] have started to address issues (1) and 

(2) by allowing flood inundation to interact with infiltration and evaporation. Yamazaki et al. [2013] 

have started to address issue (5) by implementing more computationally-efficient schemes. Issue 

(6) have been partly addressed through the corrections to the SRTM30 DEM for hydrological 

purposes [Yamazaki, Lee, et al., 2012], and by providing a global width database for large rivers 

[Yamazaki, O’Loughlin, et al., 2014]. With these ongoing efforts, issues (3) human impacts on water 
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cycle, and (4) water quality, are yet to be addressed. Indeed, heavily regulated rivers are commonly 

identified as among the major sources of uncertainties and discrepancies in past studies [e.g. 

Decharme et al., 2008; Merz and Bloschl, 2008; Ngo-Duc et al., 2005; Ngo-Duc et al., 2007; Van 

Der Knijff et al., 2010]. 

 

2.3 THE STATE-OF-THE-ART IN REPRESENTATIONS OF RESERVOIRS AND THEIR OPERATION 

IN REGIONAL TO GLOBAL SCALES 

2.3.1 Increasing importance of reservoir modelling 

Damming of rivers have been essential for the human civilization to flourish. For more than 

thousands of years, they have been built to manage the seasonal variability of water; they were used 

for impounding water to augment low water supply during dry seasons, reduce the excessive and 

hazardous flows during rainy seasons, controlling water level for navigation, and providing 

electricity, among others. Due to the increasing need to manage the finite supply of water for an 

increasing population and developmental demands, the number of dams built and in operation 

worldwide have also greatly increased. To date, there are more than 58,000 large reservoirs (>15m) 

with the capacity to impound more than 15,000km3 of fresh water in the World Registry of Dams 

[ICOLD, 2015]. This storage in large reservoirs accounts for about one-sixth of the total annual 

river flow to oceans [Hanasaki, Kanae, & Oki, 2006]. Large reservoirs are thus considered as 

important components of the terrestrial water cycle and should be considered in global change 

studies [Vörösmarty et al., 1997]. 

Recently, there have been increasing awareness of the detrimental impacts of large-scale reservoir 

operation. River damming results to fragmented rivers, thereby causing fragmentation in fluxes of 

nutrients, sediments, and movement of species. Lima et al. [2008] found that globally, large 

reservoirs might release about 104 Tg of CH4 to the atmosphere annually, thereby contributing to 

the human-induced warming. Reservoirs have also been found to play important roles in the 

removal of nitrogen from surface water [Harrison et al., 2009]. Vörösmarty et al. [2003] estimates 
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that greater than 50% of basin-scale sediment flux are impounded in artificial reservoirs. While soil 

erosion due to other human interventions contribute to increased sedimentation in river mouths, 

the massive impoundment of sediments in large reservoirs still result to a net reduction in sediment 

flux which eventually lead to coastal erosion [Syvitski et al., 2005].  

Despite these potential detrimental impacts, reservoir operation remains to be one of the key 

techniques that is used to manage water resources during floods and droughts as well as to adapt 

to the uncertainties in the temporal variability of rainfall. Hatcher and Jones [2013], for example, 

have found that in the Columbia River Basin, the artificial reservoirs have the capacity to overprint 

the climate change signal, thereby showing the contribution of the reservoirs in ensuring what they 

termed as “engineering resilience.” Artificial reservoirs remain to be one of the cheaper options for 

adapting to environmental and climatological changes. Hence, there is a growing concern to 

understand how the increasing variability and uncertainties in climatologic and socio-economic 

factors would impact the operation of reservoirs [e.g. Christensen et al., 2004; Eum and Simonovic, 

2010]. Consequently, there is an increasing need to understand how reservoirs should be operated 

in order to adapt to projected changes [e.g. Eum et al., 2012; Payne et al., 2004].  

In the Anthropocene, an epoch the natural system is increasingly being governed by human 

interventions, there is an increasing need to understand how the detrimental impacts of artificial 

reservoirs can be minimized and how their benefits can be maximized. Models which could 

explicitly show how reservoir operation impacts the temporal and spatial aspects of inundation and 

variability of water availability are essential tools for such purposes. As reservoir operation impacts 

multiple systems, an integrated approach to modelling is preferred. In human-modified 

hydrological systems, traditional monomeric (single-component) approach to modelling was also 

found to be inefficient; integrated or holistic hydrological modelling that takes components of 

human modification into account proved to improve modelling efficiency [Nalbantis et al., 2011]. 
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2.3.2 Integration of reservoir operation schemes in global models 

Several advancements in integrated modelling of natural hydrological processes and reservoir 

operation have been achieved in the past decade. Haddeland et al. [2006] implemented a simple 

reservoir operation algorithm in the VIC model to analyze the combined impacts of reservoir 

operation and irrigation to surface water fluxes. Hanasaki et al. [2006] developed an algorithm for 

estimating the reservoir operating rules and integrated it with a global river routing model to 

quantify the impact of reservoirs on the terrestrial water cycle. Later on, this reservoir module was 

integrated with several other modules into the H08 model [Hanasaki et al., 2008a] and was used to 

assess the global water scarcity [Hanasaki et al., 2008b]. Döll et al. [2009] modified the algorithm 

used by Hanasaki et al. [2006] and integrated it into the WaterGAP model to analyze the combined 

impacts of reservoirs and withdrawals to river flow alterations globally.  

In a recent review of GHMs, Sood and Smakhtin [2015] listed three other existing GHMs have 

integrated reservoir operation with the natural water cycle: Water Balance Model plus (modified 

from HDTM 1.0 model by Wisser et al., 2010), PCR-GLOBWB [Wada et al., 2011; van Beek et al., 

2011], and LPJmL [Rost et al., 2008]. The reservoir operation module in these models have been 

used to study the human alteration of the terrestrial water cycle, estimate the global-scale water 

withdrawal and irrigation demand, and assess the present and future water scarcity and water stress. 

Analyses of the impacts of reservoir operation on large-scale flooding (i.e. regional to global 

domains) are rarely conducted. This is most probably due to the limitations in the capability of 

GRMs integrated with the GHMs to simulate flood inundation. To the author’s knowledge, there 

are only four published studies that used hydrodynamic models to simulate the effects of large-

scale reservoirs to regional or large-scale flooding. The first two studies were motivated by the need 

to understand whether reservoirs can be used to mitigate flooding not only within their vicinity but 

throughout a huge basin or an entire region. The other two studies were conducted by the author 

and are included in the body of this thesis. 
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De Paes and Brandao [2013] used the one-dimensional CLiv hydrodynamic model to assess the 

capability of the Manso multipurpose reservoir to attenuate and mitigate flooding in Cuiabá, Brazil, 

a metropolitan area located 285km downstream of the reservoir. They found that while not all 

flooding can be entirely avoided through reservoir routing, Manso reservoir can be used to mitigate 

and reduce the frequency of extreme floods. However, a great source of uncertainty in difficulty 

have been found in processing the vast extent of incremental basin in between Manso reservoir 

and the city. Thereby, they proposed the integration of the hydrodynamic model with a hydrologic 

rainfall-runoff model. 

Seibert, Skublics, & Ehret [2014] recognized the need to use a joint hydrologic-hydrodynamic 

modelling system to translate the effect of reservoir operation to its downstream and capture the 

complex flow in floodplains. They tested the potential for mitigating flood in the Bavarian Danube 

basin through the coordinated operation of its nine reservoirs. They used hydrologic and 

hydrodynamic models which were specifically designed and used in the Bavarian Danube. They 

have found that at least one of the nine reservoirs can be used for coordinated, regional flood 

mitigation in the basin. Surprisingly, they have also found that the use of a hydrodynamic model in 

their study did not significantly improve their simulations. They have found, however, that the 

when observed rather than simulated lateral inflow are used, hydrodynamic simulation setup clearly 

outperformed the hydrologic routing scheme. With this, they concluded that the advantages of the 

fine resolution 2D hydrodynamic model cannot be fully exploited when used with the less accurate 

and “afflicted with systematic errors in volume and timing” inputs from hydrologic models. They 

proposed a joint calibration of the hydrodynamic and hydrologic model chain. 

 

2.4 GAPS AND LIMITATIONS: INTEGRATED RESERVOIR MODELLING IN LARGE SCALES 

Primarily developed for analysing river flows to the ocean and calculating the water balance, none 

of the integrated models previously mentioned have been implemented to analyse the impacts of 

reservoir operation to inundation and thus, did not necessarily employ a river routing model that 
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considers flood dynamics. However, implementing reservoir operation models considering flood 

dynamics may be necessary for a more accurate simulation of human-influenced river channel flows, 

floodplain flows, and flood inundation. Such information are relevant for planning purposes and 

damage assessment.  

While the past studies and existing databases are able to geo-reference dams and their reservoirs, 

reservoirs in models remain to be represented by virtual storages. Such representation may be 

sufficient for the purpose of estimating water availability. However, the other characteristics of the 

impounded water throughout a reservoir such as its fluctuating surface area, water level, and water 

velocity which may have significantly affect physical processes are ignored in current models. Such 

representation limits the capability of models to simulate and analyse the impacts of reservoirs to 

evaporation (through the exposed water surface), its interaction with infiltration, and the flow 

dynamics within the reservoir. The analyses of transport processes which may be beneficial for 

geological (e.g. sediments), ecological (e.g. species), or biogeochemical (e.g. nutrient cycling) fields 

may also be constrained. 

 

2.5 BRIDGING GAPS THROUGH THIS DISSERTATION 

Both regional to global-scale hydrodynamic modelling and integrated large-scale reservoir 

modelling are relatively new fields of study. Both proved to be essential tools for understanding 

the water cycle, especially for the purpose of managing the limited availability of water as well as 

the impending risks from hydrometeorological extremes. However, the advantages that could be 

gained from integrating the two models, i.e. hydrodynamic model with a reservoir operation 

module, are yet to be fully reaped. This is mainly due to the lack of physically-based models which 

integrate the two models for application in large domains. 

This dissertation bridges this gap by exploring the potential of physically representing reservoirs 

and integrating their operation with a global hydrodynamic model. Hence, this dissertation will 

focus on model improvement and development, and their impacts on simulated surface water flows 
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and flood inundation. It will provide quantification of impact of reservoir operation to low water 

flows (drought mitigation) but the focus of discussions will be on the impacts on high water flows 

(flood mitigation). It will assess and analyse the strengths and weaknesses of the developed system 

in modelling the impacts of reservoir operation on an extreme floodplain inundation in a flood 

prone region. The modelling framework will also be used for assessing the combined impacts of 

reservoir operation and climate change. It will also tackle the important issue of local applicability 

by applying the modelling framework in finer to hyper-resolution. It will, in summary, lay down 

the foundations and set examples on how artificial reservoirs and their operation can be 

represented in a hydrodynamic model.  



 

 

 The two global models 

used and their unique 

characteristics were 

presented 

 The unique characteristics 

of the test river basin were 

discussed  

 The models were shown to 

be applicable in the Chao 

Phraya River basin 
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CHAPTER 
HIGHLIGHTS 

 

CHAPTER 3 

Overview of models and their 

applicability to the test basin  

 

This chapter aims to build a basic understanding of the modelling tools, data set, 

and the river basin used in this research. The information and discussions written 

thereafter are essential for understanding the modelling improvements implemented 

in the succeeding chapters of this thesis. Two global models, H08, an integrated 

water resources model, and CaMa-Flood, a hydrodynamic river model are 

introduced. The characteristics and sources of the input data needed to drive each 

model are briefly discussed. The characteristics and importance of the Chao Phraya 

River Basin, the river basin where the results of this thesis are applied to, are 

presented. Lastly, the applicability of the models in the chosen river basin is 

discussed by presenting the simulation results obtained by the author during her 

master’s research.  

 

3.1 H08 INTEGRATED WATER RESOURCES MODEL 

H08, a distributed global water resources model [Hanasaki et al., 2008a], 

is a pioneering model among several models which integrate 

anthropogenic interventions, such as reservoir operation, with the 

natural hydrologic processes. It was originally developed to assess 

global water availability and use in the subannual time scale. The 

development of the model was based on the fundamental concept of 

closing the water and balance energy in the land surface area. 

H08 integrates six modules into a system (See Figure 3.1) – two 
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modules which are necessary to simulate natural hydrologic processes, the land processes and river 

modules, and four modules which are necessary to simulate human interventions, the reservoir 

operation, anthropogenic water withdrawal, crop growth, and environmental flow modules. Each 

module can be run separately while a coupled module exists to run all the processes in an integrated 

manner.  

  

 

 

 

Three modules were used in this study – the land surface processes, river processes, and reservoir 

operation modules. Thus, the next sections will briefly describe each of these modules. The 

development, validation, and varied applications of H08 are well-documented. The model is open-

source and can be freely obtained for research purposes. For more details about the model, please refer 

to Hanasaki et al. [2006, 2008a, 2008b] and existing H08 manuals. 

 

Figure 3.1. Schematic diagram of the modules (and sources) consisting the H08 

integrated water resources model.  Figure courtesy of Dr. Naota Hanasaki. 
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3.1.1 H08 land surface processes module 

The land surface module is based on a “leaky bucket” model which represents a single, 15 cm deep soil 

moisture layer for all soil and vegetation type. Unlike in the original bucket model [Manabe, 1969; 

Robock et al., 1995] where runoff is generated only when the bucket is filled to its capacity, the “leaky 

bucket” continuously drains soil moisture in the bucket. A simple subsurface runoff (Qsb) 

parameterization (equation 3.1) similar to the LPJ model [Gerten et al., 2004] was added to the original 

bucket model: 

𝑄𝑠𝑏 =  
𝑊𝑓

𝜏
(

𝑊

𝑊𝑓
)

𝛾

 (3.1) 

where Wf is the soil water content at field capacity (fixed at 150 kg m-2), τ is a time constant, and γ is a 

shape parameter that sets the relationship between soil moisture and subsurface flow. The soil 

moisture is at field capacity when the bucket is full; it is at wilting point when the bucket is empty. 

Surface runoff (Qs, equation 3.2) is generated when the soil water content (W) exceeds the field 

capacity: 

𝑄𝑠 =  {
𝑊 − 𝑊𝑓 

0
           

𝑊𝑓 < 𝑊

𝑊 ≤ 𝑊𝑓
 (3.2) 

 

The soil water balance is calculated using equation 3.3: 

𝑑𝑊

𝑑𝑡
= 𝑅𝑎𝑖𝑛𝑓𝑎𝑙𝑙 +  𝑄𝑠𝑚 − 𝐸 −  𝑄𝑠 −  𝑄𝑠𝑏 (3.3) 

 

where E is the evaporation from surface and  Qsm  is the snow melt rate. The snow melt is calculated 

using the snow water balance but because of its tropical climate, snow fall in Thailand is negligible. The 

calculation of evaporation (equation 3.4) was set similarly with the original bucket model. It is 

expressed as a function of soil moisture and potential evapotranspiration as follows: 

𝐸 =  𝛽𝐸𝑃(𝑇𝑆) (3.4) 
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where: 

𝛽 =  {
1

𝑊/0.75𝑊𝑓 
           

0.75𝑊𝑓 ≤ 𝑊

𝑊 < 0.75𝑊𝑓
 (3.5) 

 

and EP(TS) (equation 3.6) is the potential evaporation (EP) at surface temperature (TS): 

𝐸𝑃(𝑇𝑆) = 𝜌𝐶𝐷𝑈(𝑞𝑆𝐴𝑇(𝑇𝑆) − 𝑞𝑎) (3.6) 

 

In the equation above, ρ is the density of air, CD is the bulk transfer coefficient, U is the wind speed, 

qSAT(TS)  is the saturated specific humidity, and qa is the specific humidity. Energy balance is calculated 

using equation 3.7: 

(1 − 𝛼)𝑆𝑊↓ + 𝐿𝑊↓ = 𝜎𝑇𝑆
4 + 𝑙𝐸 + 𝐻 + 𝐺) (3.7) 

 

where α is the surface albedo,  𝑆𝑊↓  is the downward shortwave radiation, 𝐿𝑊↓  is the downward 

longwave radiation, σ is the Stefan-Boltzmann constant, l is the latent heat, H is the sensible heat flux, 

and G is the soil heat flux. The sensible heat flux, H, is calculated as follows: 

 𝐻 = 𝐶𝑝
∗𝜌𝐶𝐷𝑈(𝑇𝑆 − 𝑇𝑎) (3.8) 

 

where 𝐶𝑝
∗ is the specific heat of air, and Ta is the air temperature. The calculation of surface albedo was 

set identical to that of Robock et al. [1995]. To reasonably simulate the diurnal cycle of surface 

temperature, the bucket model was modified. The force restore method [Bhumralkar, 1975; Deardoff, 

1978] is used to calculate the soil temperature using three-hourly meteorological forcing inputs.  

For a more detailed discussion about the equations used in the land surface hydrology module, please 

refer to Appendix B of Hanasaki et al. [2008a]. Most of the parameters as described in Hanasaki et al. 

[2008a] have been used except for the following parameters: soil depth, τ, γ, and CD. The said 
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parameters have been calibrated for the Chao Phraya River Basin as discussed in Appendix A of this 

dissertation. 

 

3.1.2 H08 river processes module 

The Total Runoff Integrated Pathways model [TRIP; Oki and Sud, 1998], an idealized global river 

channel network which give directions for lateral water movement, was used to accumulate the runoff 

calculated by the land surface processes module and uses hydrologic routing to calculate streamflow. 

Virtual river elements are depicted as straight lines without any cross-sectional component that flows at 

a constant velocity to the downstream cell. Flow directions are inferred from digital elevation models 

which have been manually corrected using atlases. Water from each grid cell is assumed to flow to only 

one downstream grid and backflow is not considered. 

The river water balance is calculated using equation 3.9: 

𝑑𝑅𝑖𝑣𝑆𝑡𝑜

𝑑𝑡
= 𝑅𝑖𝑣𝐼𝑛𝑓 + 𝑄𝑡𝑜𝑡𝐴 − 𝑅𝑖𝑣𝑜𝑢𝑡 (3.9) 

 

where RivSto is the river storage, RivInf is the river inflow from the upstream grid, Qtot is the total runoff 

in the grid, and A is the area of the grid, and RivOut is the river flow to the downstream grid. To 

calculate the river flow, RivOut, a constant speed of 0.5m/s and a constant meandering ratio of 1.4 over 

the distance from the calculation grid to the downstream grid are used. 

3.1.3 H08 reservoir operation module 

Using globally available reservoir information, the reservoir module applies simplistic rules on geo-

referenced large (>109 m3) reservoirs. Reservoirs are classified into two main categories based on their 

stated primary purpose: irrigation or other purposes. Irrigation reservoirs are operated to release water 

that is proportional to the water demand in the downstream reaches while other reservoirs are operated 

to minimize the interannual and subannual variations [Hanasaki et al., 2006]. The water demand on 

irrigated areas is calculated using the crop growth module. In this study, however, the default reservoir 
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operation rules used for global simulations were overwritten with rules that mimic that of the historical 

operation of the two reservoirs, Bhumibol and Sirikit. 

 

3.2 CAMA-FLOOD HYDRODYNAMIC FLOOD INUNDATION MODEL 

Catchment-based Macro-scale Floodplain (CaMa-Flood) model [Yamazaki et al., 2011, 2013, 2014b] is 

a state-of-the-art river hydrodynamic model that was developed to realistically describe river routing 

and floodplain inundation dynamics in the global scale. River basins are discretized at the desired 

spatial scale into unit-catchments which delineated from fine-resolution HydroSHEDS flow direction 

maps [Lehner et al., 2008] and SRTM3 digital elevation models (DEM) [Farr et al., 2007]. Each unit-

catchment is assumed to have a river and floodplain storage (Figure 3.2, Table 3.1), the dimensions and 

characteristics of which are calculated using explicit sub-grid topography parameters derived from the 

fine-resolution flow direction maps and DEMs.  

 

Table 3.1. CaMa-Flood sub-grid parameters in Figure 3.2a [based from Yamazaki et al., 2011].  

Symbol Parameter or Variable Meaning Unit 

 Parameters  

Ac unit catchment area m2 

B bank height m 

L channel length m 

W channel width m 

Z surface altitude m 

 Variables  

Af flooded area m2 

Dr river water depth m 

Df floodplain water depth m 

S total water storage, Sr + Sf m3 

Sr river channel water storage m3 

Sf Floodplain water storage m3 
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Figure 3.2. Schematic diagrams of the subgrid topography parameterization in CaMa-Flood; 

(a) River channel and floodplain sub-grid parameters. Please refer to Table 1 for definition of variables. 

(b) An example of unit-catchment topography where the height above the nearest river channel is 

shown by the background color and the river channels are shown in gray lines. (c) An example of the 

flood elevation profile, the cumulative distribution function (CDF) of the height above the nearest 

river channel. It is used to diagnose the flooded area from the flood depth [Figures modified from 

Yamazaki et al., 2011] 

 

Runoff from a land surface model is used as forcing input to calculate river hydrodynamics in each 

unit-catchment within the river basin. Through the sub-grid river and floodplain topography 

representation, two prognostic variables are calculated at each unit-catchment: the volume of water 

impounded in river and floodplain catchments, and the river discharge. Water flux between each unit-

catchment is routed along a river network map. After calculating the river discharges between unit-

catchments, the water storage is updated so that water mass is conserved at each unit-catchment. From 
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the water storage at each time step, other variables, such as water level, inundated area, and velocity, 

can be diagnosed. 

Throughout the development of this dissertation, CaMa-Flood has undergone several model 

improvements. Correspondingly, this dissertation used the latest available version of the model at the 

time when each numerical experiment is conducted. The distinguishing features of the model used in 

each chapter are shown in Table 3.2.  

 

Table 3.2. Distinguishing features of the CaMa-Flood version used in the chapters of this 

dissertation.  

CaMa-Flood 
Feature 

Chapters 3 and 4 Chapter 5 Chapter 6 

River network 
map 

Hybrid Vector Vector 

Hydrodynamic 
flow equation 

Diffusive wave Local inertial equation Local inertial equation 

Flow connectivity 
scheme 

Single downstream 
connectivity (SDC) 

SDC and Multi-
directional downstream 

connectivity 

Multi-directional 
downstream 
connectivity 

 

The earlier versions of CaMa-Flood which use the single downstream connectivity (SDC) flow scheme, 

and the diffusive wave equation to simulate flood flows and inundation were used in this chapter and 

in Chapter 4. The latest and most efficient version of CaMa-Flood which uses the multi-directional 

downstream connectivity (MDC) and local inertial flow equation was applied in Chapters 5 and 6 of 

this study.  

3.2.1 River network map 

Vector-based maps, unlike raster-based maps, discretize a land surface into unit-catchments that are 

not restricted to a Cartesian coordinate system [Becker and Braun, 1999]. Vector-based maps are more 

preferable for representing subbasin topography, and have been demonstrated to be more efficient 

than grid-based maps and hybrid maps [Paiva et al., 2011; Lehner & Grill, 2013; Yamazaki et al., 2013].  
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3.2.2 Hydrodynamic flow equation 

The diffusive wave equation (equation 3.10), the flow equation used in the earlier versions of CaMa-

Flood, is a simplification of the 1-D St. Venant shallow water flow equation. By ignoring only the 

acceleration and advection term, the diffusive wave equation can simulate most of the important 

characteristics that define shallow water flow in regional to global-scales. It is calculated by the 

following equation: 

𝜕𝐷𝑟

𝜕𝑥
 +  𝑖0 −  𝑖𝑓 = 0 (3.10) 

 

where Dr  is the river water depth, x is the distance along the river channel, 𝑖0 is the riverbed slope, and 

𝑖𝑓 is the friction slope. Flow velocity, v, can be derived and simplified as: 

𝑣 =  
𝑖𝑠𝑓𝑐

|𝑖𝑠𝑓𝑐|
𝑛−1𝑖𝑠𝑓𝑐

1/2𝐻2/3 (3.11) 

 

where isfc is the water surface slope, n is the Manning’s roughness coefficient (assumed to be constant in 

this thesis), and H is the hydraulic radius. By taking into account the water surface slope, the diffusive 

wave equation can take into account the backwater flow.  

Although the diffusive wave equation was found to be sufficient for most of large to global scale 

simulation of hydrodynamics [e.g. Yamazaki et al., 2011], it requires smaller time steps when calculating 

at areas with large water depth and small water surface slope. A more computationally efficient 

equation, the local inertial equation, was recently proposed by Bates et al. [2010] which allows stable 

calculation of flow at similar conditions using higher time steps. 

The local inertial equation, was then recently implemented in CaMa-Flood to calculate river discharge 

from each upstream to its downstream unit-catchment [Yamazaki et al., 2013]. It was found that the 

local inertial equation implemented in CaMa-Flood can result to a 300% increase in computational 

efficiency [Yamazaki et al., 2013]. By neglecting only the advection term of the 1-D St. Venant 
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equation, the local inertial equation can explicitly represent backwater effect and allows a more 

complete representation of shallow water physics. According to Bates et al [2010], the local inertial 

equation can be discretized and modified to equation 3.12: 

 

𝑄𝑡+∆𝑡 =
𝑄𝑡− ∆𝑡𝑔𝐴𝑆

(1+ 
∆𝑡𝑔𝑛2|𝑄𝑡|

𝐴ℎ4/3 )
     (3.12) 

 

where Qt + Δt is the discharge between times t and t + Δt, Qt is the discharge at the previous time step, g 

is the gravitational acceleration (ms-2), A is the flow cross-sectional area (m2), S is the water surface 

slope between the upstream and downstream unit catchments, n is the Manning’s friction coefficient 

(m-1/3 s), and h is the flow depth (m).  

3.2.3 Flow connectivity scheme 

Regional to global river models typically route river flows following a “one downstream grid” or single 

downstream connectivity (SDC) assumption. While the assumption is sufficient in simulating flows in 

main river channels, it cannot simulate the more complex, diverging flows common in deltas and low-

lying floodplains. 

The latest version of CaMa-Food [Yamazaki, Sato et al., 2014] developed a new multi-directional 

downstream flow scheme to overrule the simplified SDC assumption. Originally intended to simulate 

the bifurcation processes in deltas, the new scheme is referred to as “bifurcation scheme” and the 

pathways which allow multi-directional downstream flow as “bifurcation channels” in Yamazaki, Sato 

et al. [2014]. An algorithm which identifies and represents bifurcation channels in a new river network 

map had been developed. Bifurcation channels, defined as channels connecting two unit-catchments 

which do not have upstream-downstream relationships in a river network map, are classified as either 

“overland pathways” (green lines in Figure 3.3a) or “river pathways” (red lines in Figure 3.3a). Flow 

routes in floodplains during flooding are represented by overland pathways, while bifurcated river 

channels with persistent bifurcation flow are represented by river pathways.  
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Figure 3.3. Schematic diagrams of the multi-directional downstream connectivity in CaMa-

Flood; (a) A sample of sub-grid topography and multi-directional downstream connectivity (MDC) 

pathways. Overland pathways are represented by the green channels while river pathways are 

represented by the red channels. (b) Representation of MDC channel cross section after aggregating 

MDC pathways with the same elevations. MDC channel’s elevations and effective widths are indicated 

by the vectors “elevation 1–5” and “width 1–5” [Figures 3.3a (sampled from Mekong River) and 3.3b 

modified from Yamazaki, Sato et al., 2014]. 
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By defining bifurcation channels as mentioned, flows in braided streams, artificial open canals, 

diversion channels, and other water pathways that can be detected or inferred from water surface in 

satellite images can be represented in flood simulations. Hence, the bifurcation scheme is not restricted 

to representing flow processes in bifurcating deltas and bifurcation channels are not restricted to 

representing the flow pathways in streams that bifurcate. Generally, the new scheme enables the 

simulation of an important process in flood propagation and inundation – the Multi-directional 

Downstream Connectivity (MDC) between grid cells. Therefore, to avoid misconceptions about the 

function of the scheme, this dissertation will refer to the new scheme as “MDC scheme.” For 

simplicity, bifurcation channels and pathways will hereby be referred to as “MDC channels” or “MDC 

pathways.” 

Six parameters are used to represent each MDC channel: MDC channel elevation, channel width, 

channel length, roughness coefficient, upstream unit-catchment ID, and downstream unit-catchment 

ID. Flow in an MDC channel occurs when the elevation of the channel is lower than the water surface 

elevation in either upstream or downstream unit-catchment (see schematic diagram in Figure 3.3b). 

MDC channel flows are also calculated using the local inertial equation. Calculation is implemented 

after the calculation of river discharge in main channels [Yamazaki, Sato et al., 2014].  

The development of CaMa-Flood model is well-documented and its performance, well-validated. For 

more details about the model, please refer to Yamazaki et al., [2011, 2013], Yamazaki, Lee et al. [2012], 

Yamazaki, O’Loughlin et al. [2014], Yamazaki, Sato et al. [2014], and the existing CaMa-Flood manuals. 
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3.3 CHAO PHRAYA RIVER BASIN 

 

Figure 3.4. The Chao Phraya River Basin model domain, elevation map (shown in 1km 

resolution), river network, and validation stations. The location of the station used for calibration 

is marked with an orange dot. Validation points are marked with white dots. Dam locations are marked 

with orange trapezoids. 

 

The Chao Phraya River Basin (Figure 3.4), the largest river basin in Thailand, has eight sub basins with 

a total catchment area of approximately 158,000 km2, a huge area that amounts to more than a third of 

the total area of Thailand. It is home to about 23 million people (about 40% of the population), 8 
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million of whom live at the capital city of Bangkok [1996 estimates, ONWRC, 2003]. Thus, it is 

deemed to be the largest and most important geographical unit in Thailand [Sripong et al., 2000]. 

The four main sub catchments in the upstream watershed of the basin originate from the northern 

mountain system which flow down at a point of confluence in the middle of the basin in Nakhon 

Sawan. The middle region of the basin is a floodplain with a relatively flat slope of approximately 

1/15,000 and the lowermost region is a delta which empties into the Gulf of Thailand. These 

geographic characteristics make the region highly prone and vulnerable to flood inundation. The region 

is equally susceptible to droughts – in the past, records of water shortages led to over pumping of the 

groundwater which led to subsequent land subsidence [ONWRC, 2003].  

In order to manage water supply and reduce flooding in the basin, two huge reservoirs, Bhumibol 

(drainage area: 26,400 km2) and Sirikit (drainage area: 13,130 km2), which have a storage capacity of 23 

billion m3 in total were built in the Ping and Nan Rivers, respectively. A high seasonal variation can be 

observed in the mean monthly rainfall and inflows (Figure 3.5) in the catchment of the two reservoirs. 

Reservoir operation during the rainy season critically affects both flood mitigation and the availability 

of water for the subsequent dry season. Although the general trend in seasonal variations in 

precipitation within the basin is known, the total volume of precipitation and inflows to the reservoirs 

during the rainy season are very difficult to predict several months in advance. Thus, long-term 

reservoir operation policy that is adaptive to annual and seasonal variations in precipitation is preferred 

in Bhumibol and Sirikit Reservoirs.  
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Figure 3.5. Monthly basin averaged rainfall (as calculated from the reanalyzed observed 

rainfall forcing data) and observed reservoir inflows at Bhumibol and Sirikit Reservoirs 

from 1981-2004. 

 

 

3.4 INPUT DATA AND SIMULATION SETUP 

In this chapter, simulation was conducted on a daily time scale (shorter than 1-day in CaMa-Flood, 

with the time step automatically adjusted by the CFL condition) at a spatial resolution of 5’ ⨉ 5’ 

longitudinal and latitudinal grids, in domains from 97°E to 102°E longitude and 13°N to 20°N latitude 

in H08 and 97.5°E to 102°E longitude and 13°N to 20°N latitude in CaMa-Flood. The meteorological 

inputs for the simulation periods 1981-2004 and 2010-2011 are shown in Table 3.3. 
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Table 3.3. Meteorological input data used to run H08. 

Meteorological 

input 
1981-2004 source 2010-2011 source 

Surface Air Pressure GAME-T2, 2011 Yoshimura et al., 2008 (forecasted) 

Wind Speed GAME-T2, 2011 Yoshimura et al., 2008 (forecasted) 

Specific Humidity Hirabayashi et al., 2008 Yoshimura et al., 2008 (forecasted) 

Shortwave Radiation Hirabayashi et al., 2008 Yoshimura et al., 2008 (forecasted) 

Longwave Radiation Hirabayashi et al., 2008 Yoshimura et al., 2008 (forecasted) 

Temperature Hirabayashi et al., 2008 Yoshimura et al., 2008 (forecasted) 

Surface Albedo Interpolated from GSWP2 Yoshimura et al., 2008 (forecasted) 

Precipitation 

Reanalyzed data by Prof. Kenji Tanaka et al. from observed 

precipitation data from the Royal Irrigation Department (RID) and 

Thai Meteorological Department (TMD) 

 

 

3.5 APPLICABILITY OF THE MODELS IN THE  CHAO PHRAYA RIVER BASIN 

Due to its geographical characteristics, a large portion of the Chao Phraya River Basin is prone to 

inundation. In order to consider the effect of floodplain inundation processes to streamflow, CaMa-

Flood was used to substitute the TRIP river routing model originally used within the H08 model. The 

combination of the two models, hereafter called H08-CaMa model, satisfies the model characteristics 

necessary for assessing the impacts of reservoir operation on flood inundation: 1) can reasonably 

simulate the natural hydrologic processes; 2) can model reservoir operation; and 3) can explicitly 

simulate inundation.   

In this section, the capability of the combined H08-CaMa model in simulating the flows without 

reservoir operation, hereby called natural flows, in the Chao Phraya River Basin will be discussed. The 

natural flows throughout the basin can be simulated either by using the land processes and river 

processes module in H08 model or by using the H08-CaMa model (see Figure 3.6). Here, the capability 

of the combined H08-CaMa model to simulate the natural flow is compared with the plain H08 model 

(simulation results are hereby called referred to as Nat – H08-CaMa and Nat – H08 Plain, respectively).  
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Figure 3.6 Modelling framework for simulating natural flows (a) using H08 model (Nat – H08 

Plain), and (b) using H08-CaMa model (Nat – H08-CaMa) 

 

The daily and monthly discharge hydrographs simulated by the two model setups are compared with 

those of the naturalized observed at Nakhon Sawan or C2 Station (station used for calibration) in 

Figure 3.6. The methodology used for calibration is briefly discussed in Appendix A. The naturalized 

observed discharge at C2 Station was computed by deducting the effects of reservoir operation 

upstream of the station using equation 3.13: 

 

SirikitBhumibolCC SRPISRPIODND ][][22   (3.13) 

 

where ND is naturalized discharge, OD is observed discharge, I is reservoir inflow, P is water pumped 

into the reservoir, R is reservoir release, and S is water released through the spillway. The observed 

discharge data were obtained from the Royal Irrigation Department (RID) of Thailand. The reservoir 
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operation data of the Bhumibol Reservoir and Sirikit Reservoir stations were obtained from the 

Electricity Generating Authority of Thailand (EGAT). 

 

 

Figure 3.7. Comparison between natural flow simulation results using plain H08 model (Nat – 

H08 Plain), combined H08 and CaMa-Flood model (Nat – H08-CaMa), and naturalized 

observed discharge. (a) daily discharge hydrograph from 1993-1995; (b) daily discharge hydrograph 

from 2010-2011; (c) monthly discharge hydrograph from 1981-2004; and (d) scatter plot comparing the 

simulated monthly discharges with that of the naturalized observed, orange dashed and blue lines 

indicate the trend lines for Nat-H08 Plain and Nat-H08-CaMa, respectively. Please refer to Table 3.4 for 

performance statistics related to this figure. 

 

Within the study period 1981-2004, the worst drought event occurred in 1993 while the worst flood 

event occurred in 1995 [based on cumulative discharge at C2 Station in Komori et al., 2012]. The 

flooding in 2011 was the worst in the history of Thailand. The simulated natural flows from 1993-1995 
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and 2010-2011, respectively shown in Figures 3.7a and 3.7b, demonstrate the reliability of the models 

in simulating the natural processes within the river basin during extreme events.  

Although both Nat – H08 Plain and Nat – H08-CaMa seem to simulate the natural daily discharge very 

well, a significant improvement in the magnitude and timing of peak discharge were obtained using the 

combined H08-CaMa model (Table 3.3). As compared with Nat – H08 Plain simulations, the range of 

percent error in peak magnitude was reduced from [-26%, 31%] to [-14%, 19%] and the maximum 

absolute value of the error in peak timing (expressed in number of days) was reduced from 18 days to 

just 9 days using  Nat – H08-CaMa. 

Very good correspondence between the two simulated monthly discharge hydrographs and the 

observed can be seen in Figures 3.7c and 3.7d. The simulated discharge hydrographs using Nat – H08-

CaMa also outperform Nat – H08 Plain in terms of correlation of determination, R2, and Nash-Sutcliffe 

Efficiency coefficient (NSE-coefficient, Table 3.4).These statistical results indicate that although the 

plain H08 can be calibrated to simulate the naturalized observed discharge very well, combining the 

model with CaMa-Flood could further improve the simulation results by improving the simulation of 

the shape and fluctuations of the hydrograph, peak magnitude, and peak timing. 

The applicability of the model to the basin is further validated by comparing the simulated streamflow 

with the naturalized observed flows at nine other gauge stations throughout the basin. These gauge 

stations are marked by white circular (hydrologic stations) and orange trapezoidal (dam) markers 

(Figure 3.4). Gauging stations within the basin with a catchment area greater than 10,000 km2 and 

observation years greater than 10 have been chosen for the validation. The gauge stations which are 

heavily affected by anthropogenic interventions other than reservoirs, i.e. big water canals, have been 

excluded from the analysis because of the lack of accessible data which are needed to consider the 

effect of water diversion in the streamflow.  
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Table 3.4. Performance statistics related to the natural discharge simulation using plain H08 

and combined H08-CaMa model*.  

Setting 

Daily discharge 

 Peak Magnitude (mm) 

Daily discharge 

Peak Timing (date: month/day) 
Monthly 

NSE-

coefficient  

(1981-2004) 
1993 1994 1995 2010 2011 1993 1994 1995 2010 2011 

Naturalized 

Observed 
1.41 3.27 4.40 4.02 5.69 10/03 09/22 10/06 10/22 10/04 n.a. 

Nat –  

H08 Plain 

1.19 

(-16%) 

4.30 

(31%) 

3.93 

(-11%) 

2.96 

(-26%) 

4.59 

(-19%) 

10/10 

(+7 d) 

09/17 

(-5 d) 

09/20 

(-16 d) 

10/04 

(-18 d) 

09/29 

(-5 d) 
80.72% 

Nat –  

H08-CaMa 

1.38 

(-2%) 

4.06 

(19%) 

3.78 

(-14%) 

3.72 

(-7%) 

5.12 

(-10%) 

09/29 

(-4 d) 

09/23 

(+1 d) 

09/29 

(+7 d) 

10/25 

(+3 d) 

10/13 

(+9 d) 
90.43% 

* The relative errors with respect to the observed are indicated inside parentheses (percent error and number of 

days for peak magnitude and peak timing (in days), respectively). Values closer to the naturalized observed are 

shown in bold fonts. Please refer to Figure 3.7 for the corresponding hydrographs. 

 

Daily natural flows are shown (see Figure 3.8) from 1993 to 1995 at the seven validation stations, and 

from 2002-2004 at station N67 because data collection at this station only began in the middle of 1997. 

Hydrographs in station Y14 are not shown in the figure because they are just very similar to that of Y6 

as a result of the geographical proximity of the two stations. It was found that the hydrographs at eight 

out of nine stations corresponded well with their respective naturalized observed discharge, with their 

monthly discharge NSE-coefficients ranging from 69.5% to 87.0%. However, a negative NSE-

coefficient was obtained at station W4.A which was reported to be a floodplain area by RID officials. 

The difficulty to measure discharge in a floodplain accurately could have led to several uncertainties. 

At this point, it can be said that the H08-CaMa model can effectively simulate the natural flows in the 

Chao Phraya River Basin.   
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Figure 3.8. Daily natural hydrographs (in mm/day) at the validation stations. Simulated natural 

flows in Bhumibol and Sirikit reservoirs are compared with inflows in the respective reservoirs while 

those in the rest of the stations are compared with naturalized observed flows; daily natural flow values 

are shown on the left vertical axis; daily precipitation values are shown on the right vertical axis. 

 



 

CHAPTER 4 

Improved representation of reservoir 

operation in the combined H08-CaMa 

Flood model 

 
In the previous chapter, the models used in this thesis are introduced and their 

applicability in simulating the natural flows in the Chao Phraya River Basin was 

shown. In this chapter, the inclusion of human impacts, particularly reservoir 

operation, in the modelling framework will be discussed. A new algorithm that can 

adequately simulate the operation of Bhumibol and Sirikit reservoirs and the 

corresponding modelling framework used for simulating the impacts of the two 

reservoirs to flood inundation will be introduced. The utility of the modelling 

framework in (1) simulating the 2011 Thai flood, (2) proposing and assessing 

alternative reservoir operation schemes, and (3) assessing the combined impacts of 

reservoir operation and climate change to future water availability and flood extremes 

will be demonstrated. 

 

4.1 INTRODUCTION: THE 2011 THAI FLOOD AND THE 

IMPORTANCE OF RESERVOIR OPERATION 

In 2011, massive flooding occurred in Thailand from mid-May to 

December which is currently ranked as the worst flood event from 

1900 to 2012, worldwide, in terms of economic losses [EM-DAT, 2012]. 

It has caused immense damages which amount to about 1.43 trillion 

Baht [World Bank, GFDRR, 2012]. To date, the Thailand flood is said 

to be the most economically damaging flood in history, both in overall 

 A new reservoir operation 
algorithm that can 
represent interannual and 
seasonal variations in 
operation was developed 

 Improvements in reservoir 
operation schemes were 
proposed and assessed 

 The combined impacts of 
reservoir operation and 
climate change in the near 
and far future were 
assessed 
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losses and insured losses [Swiss Re, 2012; EM-DAT, 2013; Munich RE, 2013]. The extent of the 

damages due to this flood event affected not only Thailand but the global supply chain of several 

industries as well, particularly the computer and automotive industries [Chongvilaivan, 2012; Swiss Re, 

2012]. 

The global extent of the damages have prompted several studies which aim to understand the nature 

of the 2011 Thai floods, particularly in the Chao Phraya River Basin [e.g. Kotsuki & Tanaka, 2013; 

Yokoo et al., 2014]. Rakwatin et al. [2013] estimated the flood area and volume during the flood using 

multi-temporal remote-sensing data and digital elevation model. Komori et al. [2012] reported that the 

disaster is mainly attributable to the occurrences of several intense rainfalls. The river basin is relatively 

very flat which makes it prone to long-term flood inundation. They argue that although a significant 

amount of 10 billion m3 (approximately two-thirds of the total flood volume) of water had been stored 

in the two biggest reservoirs in the basin, if water in the early rainy season (May-July) had been released 

instead of stored, an additional 1 billion m3 may have been stored in each of the two reservoirs during 

the heavy rainfall season (September). Similarly, Oldenborgh et al. [2012] ascribed the 2011 Thai flood 

to heavy rainfalls which are not yet attributable to climate change; they stressed the importance of non-

meteorological factors such as reservoir management in setting the scale of the disaster. Other studies 

in the past also suggest that the two largest reservoirs in the basin, Bhumibol and Sirikit, significantly 

affect the hydrologic regime in the Chao Phraya River Basin [Tebakari et al., 2012; Komori et al., 2013]. 

The storage capacity of the two reservoirs (23 × 109 m3 in total) can be used to temporarily store flood 

waters and manage the high seasonal variability and availability of water.  

Despite these findings, the impact of operation of the two largest reservoirs to flood inundation in the 

Chao Phraya River Basin is relatively unexplored. Although several reservoir modeling studies have 

been previously conducted in Thailand [e.g. Tospornsampan et al., 2005a and 2005b; Suiadee et al., 

2007; Pinthong et al., 2009], most have mainly focused on optimizing reservoir operation in relatively 
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smaller-scale catchments and reservoirs in Thailand. Typically evaluated based on reservoir storages, 

none of these previous studies have examined and discussed the impacts of reservoir operation neither 

to an entire river basin nor to flood inundation. Aside from this research, only Wichakul et al. [2013a, 

2013b] have incorporated the two large reservoirs in analyzing regulated flows in the 2011 flood in 

Chao Phraya River Basin. Although they used flood routing models in their analyses, they have not 

evaluated the impacts of the two reservoirs to flood inundation features such as flooded area and flood 

volume. A gap in assessing the impacts of large scale reservoirs to the flood inundation in Chao Phraya 

River Basin still exists.  

To bridge this gap, an integrated model which could explicitly simulate the impacts of the operation 

of the two huge reservoirs to the spatiotemporal aspects of inundation has been developed in this 

study. The development of an algorithm to represent the operation of the two reservoirs in the H08-

CaMa model is presented in the next section. The advantages of using the model in (1) simulating the 

2011 Thai flood flows and inundation, (2) proposing and assessing alternative reservoir operation rules 

to mitigate floods, and (3) assessing the combined impacts of climate change and reservoir operation 

in the near and far future are demonstrated in sections 4.3, 4.4, and 4.5, respectively.  

Several parts of this chapter have already been published and peer-reviewed. Sections 4.1 to 4.4 are 

based on results and discussions written in Mateo et al. [2013, 2014b]. Preliminary results of section 

4.5 have been presented and included in the proceedings of an international conference [see Mateo et 

al., 2014a] while the latest results presented in this chapter will be submitted for journal publication. 

 

4.2 REPRESENTATION OF RESERVOIR OPERATION IN H08-CAMA MODEL 

The modelling framework for simulating natural flows using H08-CaMa had already been discussed in 

the previous chapter. In this section, the development of algorithms to adequately represent reservoir 

operation and the process of its integration in the H08-CaMa model will be discussed. 
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4.2.1 Combined H08-CaMa Flood model with reservoir operation 

 

Figure 4.1. Simulation process diagrams of the combined H08 Integrated Water Resources 

Model and CaMa-Flood River Routing Model. (a) Without reservoir operation, i.e. natural flows, 

and (b) with reservoir operation, i.e. regulated flows [Mateo et al., 2014b] 

 

For reference and clarity of discussion, the process diagram for simulating natural flows (Figure 4.1a, 

Figure 3.5b in the previous chapter) is contrasted with the process diagram used in simulating discharge 

considering the impacts of reservoir operation  (Figure 4.1b). For brevity, simulated discharge 

considering the effects of reservoir operation is hereby referred to as regulated flow. 

In simulating the natural flows, the runoff calculated by the land surface processes module of H08 was 

used as input to the CaMa-Flood model. In simulating the regulated flows, algorithms representing 

reservoir operation rules in Bhumibol and Sirikit Reservoirs were encoded into the reservoir module 

of H08 model. The impacts of operation of other existing reservoirs in the basin were assumed to be 

negligible because their storage capacities are significantly smaller relative to those of the Bhumibol 
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and Sirikit Reservoirs. The integrated land surface, river, and reservoir operation modules of H08 

model were used to simulate the inflows to and outflows from the two reservoirs. In CaMa-Flood 

model, boundary conditions have been set at the grid cell locations of Bhumibol and Sirikit reservoirs. 

The simulated natural flows calculated in these grid cell locations were replaced with the respective 

reservoir outflows calculated using the integrated modules of H08 model. The streamflow in grid cells 

other than those of Bhumibol and Sirikit Reservoirs were calculated similar to that of the natural 

condition. By using this modelling framework, the impacts of modified reservoir operation rules to the 

availability of water as well as inundation within a river basin can be explicitly analysed. 

 

4.2.2 Development of algorithms to represent the historical reservoir operation 

Operation of the Bhumibol and Sirikit reservoirs is governed by upper and lower rule curves as shown 

in Figure 4.2. These rule curves have been set for each dam based on inflows, storage, and dam 

operations in the past. The reservoirs are operated such that water storage at any time is within the 

two guide curves and the irrigation and water supply demands downstream are met. However, as can 

be seen in Figure 4.2, the water storage sometimes go beyond the two guide curves. Such occurrences 

can be attributed to natural causes such as the flood year of 2011 and the drought year of 2010, while 

some were due to decisions made by the reservoir operation managers. Two sets of guide curves, 

indicated by filled and unfilled markers, can be seen in the figure, indicating a change in the operation 

rules. The guide curves have been adjusted after the occurrence of the 2011 Thai flood to prevent the 

occurrence of extreme floods in the future.  

Characterizing the historical reservoir operation of the two reservoirs is important in developing a 

reservoir operation algorithm that mimics their actual operation. As shown in Figure 4.2, there are two 

distinguishable features of the historical operation of Bhumibol and Sirikit Reservoirs: (1) seasonal 

variation in reservoir outflows is high, and (2) two storage guide curves are used. Representation of 
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the seasonal variations in reservoir outflows is necessary to simulate the high flows during heavy rainfall 

season. Representation of the upper and lower storage guide curves which serve as storage targets or 

limits can critically affect the simulated volume of water stored in the reservoirs. 

 

 

 

 

Figure 4.2 Illustration of the upper and lower guide curves and the actual reservoir operation 

of the Sirikit and Bhumibol Reservoir. The lines with unfilled, circular markers were used as guides 

before and during the 2011 flood. The lines with filled markers are the revised rule curves to prioritize 

flood mitigation after the 2011 flood.  

Illustration courtesy of the Thai Royal Irrigation Department. 
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In order to represent these two features in the H08 reservoir operation module, the generic algorithms 

used for global simulation have to be modified. The following parameters were included in the 

reservoir operation algorithm (see Figure 4.3): dry season release (Rd, in m3/s), wet season release (Rw, 

in m3/s), day when dry season ends (Md, in day of the year), target storage limit level (Ko·C, in m3) 

which is Ko ratio of the effective storage capacity C, and storage limit target date (To, in day of the year). 

For simplicity, target storage limit level will be referred to as “target level” and storage limit target date 

will be referred to as “target date”. 

Initially, these parameters were estimated from the historical operation; Ko·C and To were inferred from 

the historical upper storage guide curve (upper curve in dashed line with open circles, Figure 4.3) while 

Rd, Rw, and Md were inferred from the long-term observed release records. Md was set as the end of the 

last month with an observed mean monthly release higher than the observed annual mean release. In 

this case, Md was found to be the last day of May, thereby classifying January to May as dry season 

release months and the rest as wet season release months. The seasonal release, Rd and Rw, were 

calculated using equation 4.1: 

)()( wodo

o

s
wd R

Ia

Ia
R        (4.1) 

 

where Ias and Iao are the simulated and observed mean annual inflows to the reservoirs, respectively, 

and Rdo and Rwo are the observed long-term mean dry and wet season releases, respectively. The use of 

eq. 4.1 was necessary to take into account the bias between simulated and observed inflows. Releases 

Rd and Rw remain constant throughout the season unless storage exceeds the storage limit or the 

available volume of stored water is insufficient; in such cases, excess water is spilled or the reservoir is 

emptied to deliver as much water as possible. 
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Figure 4.3. Representation of algorithms used for reservoir storage constraints and reservoir 

releases for the locally-adapted and alternative reservoir operation schemes (use with Table 4.1 

and Table 4.3). The thin gray lines in the upper panel (reservoir release) indicate the long-term (1981-

2004) mean monthly inflow and release in the reservoir. The thick colored lines in the upper panel 

were then used to represent the simplified reservoir release scheme in all reservoir operation rules. 

Historically, the operation of the reservoirs were guided by upper and lower storage guide curves as 

indicated by the thin, gray, dashed lines with circles in the lower panel (dam storage).  The thick colored 

lines in the lower panel indicate the “upper storage constraint” curves in the algorithms used to 

represent the simplified reservoir operation rules. [modified from Mateo et al., 2013, 2014b]  
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The upper storage limit in this paper is defined by the simplified and linearized upper guide curve 

(solid blue line, Figure 4.3); it is represented by a negatively sloped line drawn from the full capacity of 

the dam at the beginning of the year to the target level Ko·C on the target date To, and a flat line at 

reservoir storage capacity, C, thereafter; the current level of dead storage due to siltation, s, was set as 

the constant lower storage limit. This simplified reservoir operation algorithm which uses constant dry 

season and wet season is hereby referred to as ThaiOp_ConRls (Thai Operation, constant release). 

Setting constant seasonal release as Rd and Rw in ThaiOp_ConRls takes seasonal variation into account 

but ignores interannual variability. It was found that although this algorithm can adequately simulate 

regulated flows and inundation, it tends to cause frequent drying up of reservoirs because the mean 

seasonal release is quite high for a generally dry year [Mateo et al., 2013]. Rationally, when the stored 

water level at the beginning of the year is lower than usual or when there is an impending drought, 

reservoir operators will tend to reduce the water released to prevent reservoirs from drying up during 

the dry season. Similarly, when stored water level is higher than usual, reservoir operators will tend to 

release more water to reach a low storage target to prevent reservoirs from overflowing during the 

rainy season.  

In order to represent such water rationing phenomena, a release coefficient, krls,, similar to that of the 

H08 generic rules [Hanasaki et al., 2006] was adapted to account for interannual variability. 

Precipitation in the Chao Phraya River Basin can drastically vary not only interannually but also sub 

annually or seasonally. A good example is the year 2011 when there was an impending drought due to 

the low water level in the reservoirs in the earlier months; however, eventually, heavy rainfall started 

to occur from the middle of the year and several other heavy rainfall occurred towards the end of the 

year. Hence, in this study, the release coefficient, krls, is calculated twice a year – first, at the beginning 

of the year, and second, at target date To.  
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The release coefficient krls is computed using equation 4.2: 
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where α is an empirically derived release constant, S1 is the storage at first day of the year (d.o.y.), and 

STo is the storage on target day To; in this paper, release constant α was set at 0.65. Finally, the release 

coefficient, krls, is multiplied accordingly to the seasonal releases, Rd and Rw.  

Except from the empirically tuned release constant α, all the other constants used in the equations 

were calculated based on the mean values of the long-term observed reservoir operation. Hence, 

hereafter, these local operation-adjusted operation rules is referred to as ThaiOp_kRls (Thai Operation, 

release varying by coefficient, krls).  

For the purpose of comparison, the two reservoir operation algorithms, ThaiOp_ConRls and 

ThaiOp_kRls are compared with the observed discharge and the simulation results using the observed 

release from the two reservoirs as input to CaMa-Flood (Thai_DamObs). For clarity, the characteristics 

of the simulation schemes to be discussed are summarized in Table 4.1. 

 

Table 4.1. Reservoir operation release algorithms for simulating the historical operation of 

Bhumibol and Sirikit Reservoirs (to be used with Figure 3). [Modified from Mateo et al., 2014b] 

Simulation Name Ko* To(d.o.y.)* 

ThaiOp_ConRls 1.0 212 [end of July] 

ThaiOp_kRls 0.65 212 [end of July] 

Thai_DamObs n.a. (observed reservoir release used as forcing) 

*Ko and Kr are target storage limit constants; To and Tr are storage limit target date in days of the year.  
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4.3 SIMULATION OF THE 2011 THAI FLOOD 

Simulation of regulated flows using the simplified operation schemes, ThaiOp_ConRls and ThaiOp_kRls, 

yielded good results which are comparable to that of the simulation which used the actual reservoir 

releases in the two reservoirs as forcing input, Thai_DamObs (Figure 4.4). For comparison of the 

efficiency of the reservoirs in reducing the natural peak flow, the natural flows simulated by the Nat-

H08-CaMa is also shown in the graph. The figures clearly show that the discharge peak had been 

reduced and its timing delayed because of the impoundment of water in the two huge reservoirs. 

The daily Nash-Sutcliffe Efficiency (NSE-coefficients) from the years 1993-1995 and year of 2011 and 

monthly NSE-coefficients from 1981-2004 using these reservoir operation schemes are summarized 

in Table 4.2. It can be seen that while both of the algorithms introduced, ThaiOp_ConRls and 

ThaiOp_kRls, show good performances (“good” performance evaluated as 65% < NSE-coefficient 

75%, and 10PBIAS<15 by Moriasi et al. [2007]) in simulation the regulated flows in the basin, the 

ThaiOp_kRls, the operation which utilized release coefficients, show better performance than the 

ThaiOp_ConRls, especially in simulating the 2011 Thai flood. 

 

Table 4.2. Nash-Sutcliffe efficiency coefficients for the reservoir operation algorithms  

Reservoir 

operation 

scheme 

Monthly 

(1981-2004) 

Daily 

(1993-1995) 

Daily 

(2011) 

Thai_DamObs 68.41% 91.70% 91.89% 

ThaiOp_ConRls 65.65% 88.30% 66.35% 

ThaiOp_kRls 68.91% 86.60% 91.93% 

[Modified from Mateo et al., 2014b] 
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Figure 4.4. Comparison of the simulated daily regulated discharge using several reservoir 

operation algorithms with the observed in (a) 1993-1995, and (b) 2011. The gray dotted line 

representing Nat-H08-CaMa simulation is shown for reference. [Modified from Mateo et al., 2014b] 
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In flood year 2011, the simulated regulated daily flows using ThaiOp_kRls showed high agreement with 

those of the observed discharge (Figure 4.4): NSE-coefficient is 91.93%, R2 is 0.95, and RMSE is 

0.29mm/day (368.80m3/s). The observed peak discharge of 3.68 mm/day which occurred in October 

13 was replicated well with the simulated peak magnitude (3.99 mm/day) percent error of only 8.74% 

and simulated peak timing (October 10) error of only 3 days. Thus, it can be said that the simplifications 

of historical reservoir operation rules applied in ThaiOp_kRls can effectively represent the more 

complex nature of the actual reservoir operation decisions. 

Overall, these statistical results are comparable with the results of Wichakul et al. [2013b] who used a 

Simplified Xinanjiang (SXAJ) regional hydrological model and a 1-km distributed flow routing model 

(1K-FRM) for analyzing the 2011 floods in the Chao Phraya River Basin. The applied SXAJ at 15-min 

spatial resolution and 1-hr temporal resolution while the applied 1K-FRM at 1-km spatial resolution 

and 10-min temporal resolution. For the flood year 2011, Wichakul et al. reported a NSE-coefficient 

of 91.0%, R2 of 0.94, and RMSE of 388m3/s at C2 Station. This confirms that albeit the use of global 

models, the combined H08-CaMa model is sufficient for application on the Chao Phraya River Basin.  
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 Figure 4.5. Simulated and observed ratio of inundated areas (inundated area/total area); 

figures in the left-most column (a, b, and c) show simulation results using the actual reservoir operation as 

forcing input (Thai_DamObs); figures in the middle column (d, e, and f) show simulation results using the 

simplified historical reservoir operation (ThaiOp_kRls); figures in the right-most column (g, h, and i) show 

satellite images using combined outputs of MODIS and AMSR-E [Modified from Mateo et al., 2013, 2014b] 
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A significant advantage of using the H08-CaMa model is that it can explicitly simulate floodplain 

inundation. Observed satellite images from the combined analysis of the Moderate Resolution Imaging 

Spectroradiometer (MODIS) and Advanced Microwave Scanning Radiometer for EOS (AMSR-E) 

[courtesy of Dr. Wataru Takeuchi, Dr. Kazuo Oki, and Dr. Hyungjun Kim, 2012] available from 2010-

2011 have been used to validate the inundation simulated by the H08-CaMa model. It is verified that 

the spatiotemporal change in inundation can be simulated by the H08-CaMa model (Figure 4.5). The 

extent of flood inundation shown in 1-month intervals from August 25, 2011 to October 25, 2011 

simulated using ThaiOp_kRls (Figures 4.5d, 4.5e, and 4.5f) are almost similar to those of Thai_DamObs 

(Figures 4.5a, 4.5b, and 4.5c). Moreover, albeit the use of simplified reservoir operation rules, the 

extents of flood inundation in three different months simulated by ThaiOp_kRls correspond quite well 

with those of the satellite observations (Figures 4.5g, 4.5h, and 4.5i). However, some areas within the 

basin tend to be overestimated. Most of these areas are within zones that are heavily affected by 

anthropogenic interventions such as huge canals, diversion channels, or urbanized regions which are 

not yet considered in the version of the CaMa-Flood model used in this chapter. 

The total volume of water stored in floodplains (i.e. out of bank flood volume) calculated for all grid 

cells downstream of the two reservoirs in natural flow simulation and in each reservoir operation 

scheme for five worst flood years in the dataset (shown in decreasing order in the figure) is shown in 

Figure 4.6. Given that all other factors between the simulations other than the reservoir scheme used 

are the same, the differences between each scheme within each year can be solely attributed to reservoir 

operation. In the graph, it is evident that the ThaiOp_ConRls scheme tend to overestimate the flood 

volume as the flood event increase in magnitude. This can be attributed to the constant reservoir 

release used in ThaiOp_ConRls – the reservoirs tend to easily fill up during extreme events. 

On the other hand, ThaiOp_kRls scheme can give reasonable estimates of the flood volume which are 

comparable with those simulated by Thai_DamObs. The calculated flood volume of 21.6 billion m3 
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using ThaiOp_kRls is slightly overestimated but is comparable to the estimates of Komori et al. [2012] 

and Rakwatin et al. [2013]. The date when the maximum flood volume occurred (October 16, 2011) 

also agrees with the results (October 12-18, 2011) of Rakwatin et al [2013]. Further, the reduction in 

flood volume between ThaiOp_kRls and natural flow simulation, Nat-H08-CaMa, of 8.6 billion m3 is 

also close to the flood volume stored in the two reservoirs (10 billion m3) estimated by Komori et al. 

[2012].  

 

 

Figure 4.6. Total volume of water stored in floodplains (flooded volume) downstream of the 

two reservoirs. The total volume of water stored in floodplains for each day was calculated for each 

simulation scheme. After then, the maximum among the daily flooded volume was calculated. Only 

the grid cells downstream of both reservoirs were included in order to exclude the waters stored in the 

reservoirs in the analysis and to focus on the impacts of reservoir operation.  

[Modified from Mateo et al., 2014b] 
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Figure 4.7 Comparison of and difference in flood inundation between without and with dam 

operation; ratio of inundated area in (a-d) without dam operation using Nat-H08-CaMa and (e-h) with dam 

operation using ThaiOp_kRls; percent difference in (i-l) flooded area and (m-p) flood depth between with and 

without dam operation simulations. The first two columns from the left (a-h) are shown in 10-min resolution 

for reference with satellite images (Fig. 4.5) while the last two columns (i-p) are shown in 1-min resolution to 

show finer details. 
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The comparison of flood volume estimates clearly show the benefits from flood mitigation through 

the operation of the two reservoirs. The reduction in flood volume, consequently, resulted to reduction 

in the inundated areas and flood depth between as shown in Figures 4.7i to 4.7p. While the flood 

extent and ratio of inundated area do not seem to significantly change between Figures 4.7a to 4.7h, 

the reduction in flooded areas and flood depth are evident in the dark red pixels in Figures 4.7i to 4.7p. 

As expected, reduction in flooded area and flood depth are greatest near the border lines (or 

boundaries) of the flood extents. Percent reduction in flood depths are generally larger and more 

significant than those in flooded areas. This could be due to the lower absolute values in flood depths 

as compared with those in flooded areas. As flood damages are usually greatly influenced by flood 

depths and flooded areas [e.g. Dutta, Herath, & Musiake, 2003; Oliveri and Santoro, 2000], these 

information are critical for evaluating the efficiency and effectiveness of reservoir operation. Such 

information are also critical for providing sufficient warnings, planning evacuation procedures, and 

facilitating disaster response, rescue, and recovery procedures. 

The results in Figures 4.6 to 4.7 indicate that flooding throughout the basin cannot be solely mitigated 

by the two reservoirs. This should be expected given the huge domain of the river basin and the 

upstream location of the two reservoirs; rainfall that fell outside of their catchment area cannot be 

intercepted and temporarily stored by the two reservoirs. Hence, the capacity of the reservoirs to 

mitigate flood disasters will also depend on the spatio-temporal distribution of rainfall. The 

understanding of such limitations are important in order to not falsely judge the effectiveness (or 

ineffectiveness) of the operation reservoirs based on bulk damages. Clearly, the results show that the 

operation of the two reservoirs resulted to significant reduction or mitigation of damages not only to 

the areas located immediately to their downstream, but to the entire basin as well. This is evident in 

the reduction in flooded areas and flood depths in the low-lying floodplains within the basin which are 

located several hundred kilometres downstream of the two reservoirs. Such benefits through 
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mitigation of damages can be easily overlooked when assessed on relatively coarser spatial resolutions; 

therefore, the results suggest that flood inundation parameters should be downscaled in order to 

properly account the benefits (or damages) in local scale. Overall, these results accentuates the 

importance of assessing the human-natural systems in the river basin in a holistic and integrated 

manner.  

 

4.4 ASSESSMENT OF IMPROVEMENTS IN RESERVOIR OPERATION SCHEMES 

Simple modifications in the historical reservoir operation rules which can possibly mitigate flooding in 

the basin are presented in this section. Primarily, the concept of pre-release was used wherein low 

reservoir storage is targeted to prepare for extreme inflows during the rainy season. To simulate the 

pre-release of water, the target level, Ko·C, and target date, To, were modified to Kr·C and Tr, respectively 

(dashed yellow line, Figure 4.3). In addition, an option to simulate a low constant storage level Kr·C 

for consecutive fr days after modified target date Tr had been added (i.e., a flat storage will be maintained 

for fr days after Tr; after then, storage limit is set to be equal to reservoir storage capacity, C) . For 

simplicity, the other reservoir release parameters Rd, Rw, krls, as computed using equations 1 and 2 have 

been retained. 
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Figure 4.8. Alternative reservoir operation rules. Simple modifications to the storage guide curve 

are proposed by changing the storage targets and target dates. Please use with Table 4.3. [Modified from 

Mateo et al., 2013, 2014b] 

 

Table 4.3. Parameters describing the alternative reservoir operation of Bhumibol and Sirikit 

Reservoirs. The modifications in the upper storage guide curve parameters are compared with the 

operation scheme that simulates the historical reservoir operation (ThaiOp_kRls). Please use with Figure 

4.8. [Modified from Mateo et al., 2014b] 

Simulation name Ko
*
 or Kr

* To
* or Tr

* (d.o.y.) fr
*
 (days) 

ThaiOp_kRls 0.65 212 [end of Jul] 0 

Rev0.5 Jul 0.50 212 [end of Jul] 0 

Rev0.25 Jul 0.25 212 [end of Jul] 0 

Rev0.25 Apr 0.25 120 [end of Apr] 0 

Rev0.25 Apr F3 0.25 120 [end of Apr] 92 [3 months] 

Ko and Kr are target storage limit constants; To and Tr are storage limit target date in days of the year; fr is the 

number of days after Tr wherein a flat storage limit equivalent to Kr·C is maintained. 
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Several alternative reservoir operation rules have been simulated in this study but only four will be 

discussed in this chapter (see Figure 4.8 and Table 4.3). These alternative rules were referred to as: 

RevKr Tr(name of month) Ffr(in months), e.g. Rev0.25 Apr F3 means “Revised” operation using a target 

storage ratio Kr of 0.25 that has to be reached by date Tr which is at the end of April. The low storage 

ratio of 0.25 should be maintained for 3 months after April. These four alternative rules were deemed 

to be sufficient in showing the impacts of lower target level, earlier target date, and low constant storage 

level. It should be noted that these four alternative operation rules may not show optimized reservoir 

operation but may indicate future directions for optimization.  Hereon, these four alternative rules will 

be compared with the ThaiOp_kRls operation scheme. 

 

 

 

Figure 4.9. Comparison of the daily discharge simulated by the five reservoir operation rules 

with those of the observed in flood year 2011. [Modified from Mateo et al., 2014b] 
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The four operations marginally reduce the magnitude of peak discharge at C2 Station (Figure 4.9); 

maximum reduction is about 7% in both Rev0.25 Jul and Rev0.25 Apr F3 while the minimum reduction 

is about 2%. However, these marginal peak discharge reductions at one point in the basin do not 

provide a good description of the potential for flood mitigation using the alternative reservoir 

operation rules. In the event of immense flooding, river channels will have most likely exceeded their 

storage capacity and excessive overbank flows may already be occurring in floodplain: reductions in 

peak discharge in river channels may be marginal but the total reduction in the volume of flood water 

in floodplains may be significant. More rigorous techniques for quantifying the flood mitigation 

potential of the alternative operation rules are hereby applied by assessing and quantifying the impacts 

of the alternative reservoir operation rules to the (1) reduction in the occurrence storage overflows and 

dry ups in the reservoirs, (2) reduction in flood volume, (3) reduction in flood depth, and (4) extent 

and progression of areas inundated by the floods. 

Examining the storage of the reservoirs from 1981-2004, the number of months wherein the total 

capacity of a reservoir was exceeded (overflows) was greatly reduced in all the alternative operation 

rules in both reservoirs (Table 4.4); this is primarily because of the lower target level as compare with 

ThaiOp_kRls. As expected, the number of overflows decreases as target level, Kr·C is lowered, making 

the Rev0.25 alternatives more preferable than the Rev0.5 alternative in terms of flood risk reduction.  

On the other hand, the number of years wherein the effective storage by the end of October in the 

two dams is below the mean target storage set by the Thai Government (3.67 billion m3 for Bhumibol 

Reservoir, 2.53 billion m3 for Sirikit Reservoir, 6.2 billion m3 in total, JICA report, in Japanese) 

significantly increased in the alternative reservoir operation rules. The number of years below target 

storage, a measure of potential supply deficit, increase as the target level, Kr·C is lowered; hence, Rev0.5 

Jul outperforms the three other alternative reservoir operation rules in providing adequate water supply.  
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The number of months wherein the effective storage of the reservoirs reached zero (reservoir empty) 

is used as an indicator of the reliability of water supply during dry seasons; a lower frequency of 

reservoir emptying indicates less severe droughts or a higher likelihood that water was available for use 

during the latter days of the dry season (cropping season). Any effective water storage level less than 

0.5% of the effective storage was considered to be in “reservoir empty” condition. As a result of the 

adjustment of dry season releases according to the available stored water at the beginning of the year 

through release coefficient, krls, all the reservoir operation rules simulated never resulted to empty 

reservoirs.  

 

Table 4.4. Reliability of the reservoir operation schemes. Measured by the number of months the 

storage capacity was exceeded (overflows), number of years when storage is below the mean target set 

by the government, and the number of months when minimum storage level was reached.  

Sirikit Reservoir  

9.51 billion m3 total storage capacity 

(6.66 billion m3 effective storage capacity) 

Bhumibol Reservoir 

 13.46 billion m3 total storage capacity 

(9.66 billion m3 effective storage capacity) 

Operation 
Overflow 

(months*) 

Below 

target 

storage 

(years*) 

Reservoir 

Empty** 

(months*) 

Operation 
Overflow 

(months*) 

Below 

target 

storage 

(years*) 

Reservoir 

Empty** 

(months*) 

ThaiOp_kRls 12 2 0 ThaiOp_kRls 6 0 0 

Rev0.5 Jul 8 5 0 Rev0.5 Jul 6 1 0 

Rev0.25 Jul 4 11 0 Rev0.25 Jul 1 6 0 

Rev0.25 Apr 4 11 0 Rev0.25 Apr 2 7 0 

Rev0.25 Apr F3 4 11 0 Rev0.25 Apr F3 1 7 0 

*Simulation period in consideration spans for a total of 24 years or 288 months. 

** Less than 0.5% of storage capacity above the dead storage level 

[Modified from Mateo et al., 2013, 2014b] 
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The low storage set in the alternative reservoir rules and the reduced occurrence of overflows result to 

the reduction in flood volume downstream of both reservoirs (see Figure 4.10). Here, the percent 

reduction in each alternative reservoir rules is obtained by getting the difference between the flood 

volume downstream of both reservoirs as compared with those of the natural flows, Nat – H08-CaMa.  

 

 

Figure 4.10. Reduction in flood volume downstream of both reservoirs. Percent reduction is 

computed as the percent difference in flood volume between each reservoir operation scheme and the 

Nat –H08-CaMa. [Modified from Mateo et al., 2014b] 

 

Comparing the percent reduction between alternative operation rules and ThaiOp_kRls, it can be 

observed that flood volume can still be significantly reduced through very simple modifications in 

operating rules. In 2011, the flood volume is further reduced in all the four alternative reservoir 

operation rules; among the four alternatives, reduction is at least 3% in Rev0.5 Jul and at most 11% in 
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both Rev0.25 Jul and Rev0.25 Apr F3. The total reduction in both Rev0.25 Jul and Rev0.25 Apr F3 is 

approximately 2.35 million m3. This verifies the initial estimate of an additional 1 million m3 of flood 

volume stored in each of the two reservoirs if water had not been stored prior to the onset of heavy 

rainfall season [Komori et al., 2012].   

As flood volume is reduced, consequently, the inundated area and flood depth will also be reduced 

through each alternative reservoir operation rules. The total inundated area at various flood depth 

threshold levels in flood years 2011, 2002, and 1995 were calculated for all grid cells downstream of 

the two reservoirs and shown in Figure 4.11. The curves were generated by calculating the maximum 

daily flood depth and corresponding flood area in each grid cell; subsequently, flood area in each grid 

cell that exceeded flood depth threshold levels at 0.4m intervals were summed. The three graphs 

indicate that ThaiOp_kRls had significantly reduced flooding as compared with natural flow in the three 

flood years; in 2011, mean reduction in flood area at each flood depth threshold was about 40%.  

 



 

  

CHERRY MAY R. MATEO 66 

 

4 Improved representation of reservoir operation in combined H08-CaMa 

 

Figure 4.11. Total area inundated by flood at increasing flood depth threshold levels. The 

maximum daily flood depth and corresponding flood area were calculated for each grid cell located 

downstream of both reservoirs; after then, the sum of the flood area in all grid cells that exceeded each 

flood depth threshold level (interval of 0.4m) were totalled. Only the grid cells downstream of both 

reservoirs were included in order to focus on the impacts of reservoir operation on flood inundation. 

[Modified from Mateo et al., 2014b]  

 

Nonetheless, both flooded areas and flood depth levels can be further reduced through simple 

modifications in the reservoir operation rules. The total inundated area is reduced at each flood depth 

threshold level in all the alternative reservoir operation rules; the reduction in total inundated area 

ThaiOp_kRls 
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increases with increasing flood depth threshold level. In 2011, maximum reduction in flood depth and 

total inundated area can be obtained through Rev0.25 Jul and Rev0.25 Apr F3; on average, these 

alternative operation schemes can reduce the total inundated area by 20% in each flood depth 

threshold level. 

The progression of reduction in flood depth between each of the four alternative reservoir operations 

and Thai Operation are shown in Figure 4.12; significant reductions in flood depth are evident as 

indicated by the dark red pixels. Both Rev0.25 Jul and Rev0.25 Apr F3 can potentially reduce flood 

depth by more than 80% when flood inundation in the basin is worst (late September to early 

November). The lower target level Kr primarily results to greater flood depth reduction. This is evident 

in the relatively lower flood depth reduction in the three Rev0.25 operation rules as compared with that 

of Rev0.5 Jul. The target date Tr primarily influences the progression of flood inundation. Rev0.25 Apr 

resulted to greater flood depth reduction in the earlier months of the flood event as it started to store 

water by the beginning of May; however, eventually, the two reservoirs are filled to their capacity which 

resulted to relatively higher reservoir releases and consequently, lower flood depth reduction, as 

compared with those of Rev0.25 Jul and Rev0.25 Apr F3during the worst months of flooding.  
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Figure 4.12. Reduction in flood depth (FD) in 1-minute ⨉ 1-minute spatial resolution; FD 

reduction using Rev0.5 Jul scheme is shown in the left most column; FD reduction using Rev0.25 Jul scheme is 

shown in the second column; FD reduction using Rev0.25 Apr is shown in the third column; FD reduction using 

Rev0.25 AprF3 is shown in the fourth column; Simulated FD using the ThaiOp_kRls scheme is shown in the 
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right most column for reference. Flood reduction is shown at 1-month intervals from August 15 to November 

15 to show the progression of reduction in flood depth. Figures are zoomed in to downstream of Bhumibol 

and Sirikit Reservoirs. [Modified from Mateo et al., 2014b] 

 

Up to this point, the four alternative reservoir operation rules presented proved to be effective in 

mitigating flooding in the Chao Phraya River Basin. Both the lower target level and the target date 

affect the extent of flood reduction; the target level primarily affects the total flood volume whereas 

the date when this storage limit level is attained impacts the progression of flood depth and flood 

inundated area. Generally, the alternative reservoir operations that attained or maintained a low storage 

by the end of July (just prior to the occurrence of heavy rainfall in August and September) and then 

stored inflows thereafter performed better in reducing flood volume as compared with the alternative 

that attained a low storage by the end of April and then stored inflows thereafter. Further, an operation 

rule that set a low target level by the end of July had almost the same potential for flood reduction as 

that of an operation that set a low target level by the end of April and maintained the low storage level 

until the end of July. These imply that in improving the flood mitigation of the reservoirs, the date 

when reservoirs are allowed to be filled to their capacity (Tr + fr) is more critical than the date when 

target date is attained (Tr); to improve the operation of the two reservoirs in the event of extreme 

floods, a later Tr + fr should be set after the initial rainy season (May to June) or just before the onset 

of heavy rainfall season (August to September) to apportion reservoir storage for the heavy reservoir 

inflows.  
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4.5 PROJECTION OF THE COMBINED IMPACTS OF CLIMATE CHANGE AND RESERVOIR OPERATION  

This section was omitted in the abridged version of the dissertation because it is being prepared for journal publication. 

A preliminary version of the findings contained in this section have been presented in a conference. Please refer to Mateo 

et al., 2014a for the initial findings. 

 

The full version of the dissertation will be available online by year 2020. 
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4.6 CONTRIBUTIONS, CAVEATS,  AND FUTURE WORKS 

This study became possible because of the detailed and long-term hydrologic records kindly provided 

by the RID, Thai Meteorological Department (TMD) and EGAT. The vast availability of data makes 

Chao Phraya River Basin one of the best river basins for conducting detailed examinations of the 

performances of advanced global models for analytical and operational purposes. This study can then 

provide insights on how such detailed tests can be performed. Thus, this paper can potentially benefit 

the following groups: 1) the operational agencies and researchers concerned about floods in Chao 

Phraya River Basin and other basins with similar characteristics, and 2) anthropogenic impact, climate 

change impact, and flood modellers. The contributions, applicability, points for improvement, and 

future works of the results presented in this chapter are further discussed in the next sections. 

4.6.1 On improving the operation of Bhumibol and Sirikit Reservoirs 

Intended to be applicable and favourable for practical use, this study aptly used simulation modelling 

approach which are easier to understand and permits realistic representations of reservoir systems 

[Simonovic, 1992].  The alternative reservoir operation rules applied simple modifications on the 

historical operation rules; hence, it is deemed that they are easy to apply practically. 

Although the reduction in peak discharge between ThaiOp_kRls and each of the four alternative 

reservoir operation is marginal, the reduction in depth, area, and volume of flood inundation proved 

to be significant. Practically, these reductions will result to significantly lower flood damages. In the 

future, a flood damage index which takes into account the depth, area, volume, and days of flood 

inundation as well as land cover or land type can be developed and/or applied to determine the 

optimum operation of the two reservoirs.  

In the present climate, none of the presented alternative operating rules caused reservoir emptying or 

the depletion of water storage during the dry period primarily because of the adjustment of the release 

according to the amount of water stored at the beginning of the year. However, all the alternative 
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operation rules caused an increase in potential supply deficit in the present climate. In the combined 

climate change and reservoir operation studies, Sirikit reservoir was found to be vulnerable to the 

depletion of water. This was primarily caused by the smaller capacity of Sirikit reservoir and the use of 

a constant low target level for all years regardless of the currently available stored water or seasonal 

forecasts. It may also be caused by the relatively lower increase in precipitation and consequently, 

runoff, in the catchment basin of Sirikit reservoir. These indicate that a multiple objective approach in 

setting the reservoir operation have to be taken in future studies. A possible approach can be a more 

dynamic reservoir operation which adjusts the target level appropriately; the use of a target level 

coefficient that is inversely proportional to the initial reservoir storage at the beginning of each year or 

the use of advanced seasonal forecasting techniques can be investigated in the future. Such 

developments may not only improve the reliability in satisfying target demands but the flood mitigation 

potential of the reservoirs as well. 

It should be noted that the reservoir operation used in both the present and future climate scenarios 

do not explicitly take into account the changes in irrigation and water supply demands. In the present 

climate simulations, the irrigation and water supply demands are implicitly taken into account by setting 

the reservoir operation algorithm according to observed trends in the historical operation. 

Hypothetically, the irrigation and water supply demands would likely change with socioeconomic and 

climate changes. The current simulation setup does not yet take such changes into account. A more 

dynamic reservoir operation algorithm that takes such projected changes into account must be 

developed in the future in order to provide more dependable future projections. Nonetheless, the 

results shown in this study provide reliable information on the direction of change of and boundary 

estimates to projected changes in water availability. 
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4.6.2 On improving water resources management representation in global models 

To the authors’ knowledge, no basin scale physically-based hydrological models have been developed 

for assessing or optimizing the operation of Bhumibol and Sirikit Reservoirs. Thus, this study leveraged 

on the advancements in free and open source global models. Given that global models have been used 

in this study, global application of the simulation framework to assess the impacts of reservoirs to 

flood mitigation may be explored in future studies. However, replication of this study on a global scale 

requires massive data for establishing reservoir rules and/or validating the reliability of the model; with 

the current availability of comprehensive databases on reservoir operation, replication of this study on 

a global scale may be very challenging. Nevertheless, the methodology used in this study may help 

improve the representation of water resources management, particularly of local reservoir operation, 

in global models. 

One of the distinguishing features of the reservoir operation algorithm introduced in this paper is the 

use of both storage targets and release rules. A recently published study concluded that combined 

flood control storage targets and irrigation release targets can best improve the representation of sub-

regional water resources management into earth system models [Voisin et al., 2013]. A big difference 

between this study and that of Voisin et al. is in the methodology used for setting up the storage target 

and release rules; this study inferred the storage targets and release rules from the long-term mean 

observed reservoir operation, while Voisin et al. suggested that these rules can be best determined 

from mean annual natural flows and mean monthly withdrawals. The parameters used by Voisin et al. 

can be easily computed globally as compared with those used in this study. Hence, for easier global 

application of this study, the current reservoir operation algorithm may be revised in the future to 

calculate Ko, To, Rw, and Rd using mean annual natural flows and mean monthly withdrawals. 
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4.6.3 On improving the simulation and assessment of flood events 

This study is one of the first studies that have successfully simulated the impacts of reservoir operation 

on flood inundation using advanced global hydrological models. The combined model was shown to 

be effective in simulating one of the catastrophic flood events in recent history considering both 

reservoir operation and flood inundation. This development can potentially improve the integrated 

analysis of flood events taking into account the confounding impacts of water management. 

In most studies done in the past, the impact of reservoir operation to flooding within a basin was 

commonly assessed by calculating the reduction in peak discharge in several gauging stations 

downstream of reservoirs. The flood inundation within the river basin is usually inferred from 

statistical correlation between historical peak discharges and inundation. As flood inundation within a 

river basin is influenced not only by reservoir operation but also by other hydrologic factors such as 

rainfall pattern within the basin, this assessment methodology would only be accurate if the other 

hydrologic factors do not significantly vary in history and in the future (i.e. linearity can be assumed). 

Through the combined H08-CaMa model, this study took a valuable step forward in explicitly assessing 

the impacts of alternative reservoir operation rules to the depth, spatial extent, and volume of flood 

inundation. These inundation metrics are valuable in assessing and clarifying the impacts of reservoir 

operation decisions at a level that is more understandable and relevant for planning, operational, 

management, and forecasting purposes. The studies in this chapter, therefore, demonstrated the 

applicability of advanced global models for analytical as well as practical purposes in regional to basin 

scales. However, the spatial resolution at which these studies have been conducted (5minute or 

approximately 9km) may still be too coarse for operational purposes. 

Another caveat to the modelling framework is the rigorous calibration required to make the global 

model applicable on the Chao Phraya River Basin. A significant and promising improvement which 

can ease this concern has been published recently: a global width database for large rivers using an 
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algorithm that automatically calculates river width from satellite-based water marks and flow directions 

has been developed [Yamazaki et al., 2014]. As for the land parameters calibrated in H08, an algorithm 

for determining land parameters based on land cover and soil type may be developed in the future. 

Another issue that needs to be addressed is the slight overestimation in calculated flood volume. 

Incorporation of currently unaccounted anthropogenic factors such as the use of levees, diversion 

channels and discharge pumps may improve simulation results.  The new implementation of CaMa-

Flood which takes river bifurcation and diversion channels into account may also help solve this issue. 

 In the next chapter, the roles of representing more complex flows and that of simulating at finer 

spatial resolutions in improving the flood simulations will be assessed and analysed. 



 

CHAPTER 5 
Impacts of varying spatial resolution 

and representation of complex flow 

processes on large-scale flood 

predictions 

 

This section was omitted in the abridged version of the dissertation because it is being 

prepared for journal publication.  

 

The full version of the dissertation will be available online by year 2020. 

 

 

 The relative impacts of 

spatial resolution and 

representation of complex 

flow processes to flood 

prediction were quantified 

 The mechanisms which 

influence the accurate 

simulation of flood were 

explained 

 CaMa-Flood model was 

shown to be suitable for 

hyper-resolution modelling 

 

Related publications: 

 Mateo et al. (in 

preparation), Will hyper-

resolution modelling 

always simulate flood 

inundation in large-scales 

better? 
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CHAPTER 6 

Physical representation and 

integration of reservoir operation in 

CaMa-Flood 

 

This section was omitted in the abridged version of the dissertation because it is 

being prepared for journal publication.  

 

The full version of the dissertation will be available online by year 2020. 

 

 A new algorithm for 

detecting and 

representing dams and 

their reservoirs was 

developed 

 Reservoirs and their 

operation were integrated 

in CaMa-Flood model 

 The impacts of reservoir 

representation and spatial 

resolution on flood 

prediction were 

quantified 
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CHAPTER 7 

Summary, contributions, future 

works, and conclusions 

 

 
7.1 SUMMARY 

The accelerating human interventions to the hydrological cycle 

necessitates the representation of coupled human-natural systems in 

analysing and understanding water management options. The 

operation of artificial reservoirs is among the human interventions 

with the largest impact to the hydrological cycle. While the impacts 

of the operation of large reservoirs on augmenting limited water 

supply (e.g. through irrigation, water scarcity, water withdrawal 

related studies) have been assessed through global hydrological 

models, their impacts on large scale flooding and flood inundation 

are rarely assessed. The increasing flood risks necessitates the 

development of better tools which takes into account the impacts of 

artificial reservoirs to flood inundation. 

This dissertation addressed the aforementioned issues through the 

development of modelling frameworks which combine or integrate 

a reservoir operation algorithm with a global hydrologic and 

hydrodynamic models. The developed models have been applied and 

tested in a flood prone regional basin, the Chao Phraya River Basin 

 A new algorithm for 

representing the effects 

of annual and seasonal 

variations in the 

availability of water to 

reservoir operation was 

developed 

 Better reservoir operation 

rules for reducing flood 

inundation were 

proposed and assessed 

for the present and future 

climate 

 The impacts of varying 

complexity of physical 

representations in a 

hydrodynamic model and 

of varying finer spatial  

resolution to flood 

predictions were 

quantified 

 A new algorithm for 

detecting and 

representing dams and 

their reservoirs was 

developed 

 Reservoirs and their 

operation were integrated 

in CaMa-Flood 

hydrodynamic model 
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in Thailand, which is largely impacted by large reservoirs, Bhumibol and Sirikit Reservoirs. 

In Chapter 3, the simulation of natural flows by using H08 integrated water resources model with 

CaMa-Flood hydrodynamic model have been demonstrated. By using the runoff from the 

calibrated land surface module of H08 model as input to the calibrated CaMa-Flood model, natural 

flows that adequately resemble the naturalized observed flows in several gauge stations throughout 

the basin were simulated. In Chapter 4, a new reservoir operation algorithm that considers the 

seasonal and annual variation in the historical operation of Bhumibol and Sirikit Reservoirs have 

been developed and coupled with the H08 model. A modelling framework which uses the runoff 

and dam release outputs from H08 as forcing inputs to CaMa-Flood have been developed. A major 

advantage of the system is that it can simulate the impacts of large reservoirs to flood inundation 

in the entire basin. The combined model were used for (1) simulating the immense 2011 Thai Flood, 

(2) proposing and assessing alternative reservoir operation schemes, and (3) assessing the combined 

impacts of climate change and reservoir operation in the near and far future.  The model was found 

to adequately simulate the spatio-temporal characteristics of flood inundation during the 2011 Thai 

flood. However, it tends to overestimate at the low-lying floodplains where the flood flow 

processes are more complex than in the upstream sections of the river basin.  To improve the 

simulation of flood inundation, the contribution of finer spatial resolution and representation of 

complex flow processes in CaMa-Flood were examined in Chapter 5. It was found that the 

simulated extent of inundation improves with finer resolution primarily due to the finer 

topographical detail. However, it was also found that the capability of the model to simulate 

discharge and its peaking significantly declines with finer spatial resolution when single downstream 

connectivity in each grid cell is assumed. On the other hand, simulation results became better with 

finer spatial resolution when multi-directional downstream connectivity between grid cells is 

assumed. In Chapter 6, a new algorithm for identifying artificial dams and their reservoirs have 

been developed. Further, a simple algorithm for representing the bathymetry of the reservoirs have 

been developed. For consistency, the reservoir operation algorithm used in Chapter 4 was 
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integrated with CaMa-Flood in order to reduce inconsistencies in the modelling chain. It was found 

that the representation of the bathymetry of large reservoirs critically affect the accuracy of natural 

and dam-influenced (regulated) simulations.  

 

7.2 CONTRIBUTIONS 

The main contributions of this dissertation to the field of hydrology and hydrodynamics can be 

summarized in the following statements: 

1) A hydrologic-hydrodynamic modelling framework with improved reservoir operation 

algorithm that can simulate the impacts of annual and seasonal variability of water on reservoir 

operation decisions had been developed. The modelling framework can simulate the impacts of 

large-scale operation of reservoirs on regional flood inundation. 

2) The modelling framework was shown to be relevant for assessing alternative reservoir 

operation schemes to mitigate future flood risks, and adapt to climate change. 

3) The relative impacts of varying spatial resolution and varying flow complexity on improving 

the predictability of regional scale floods using a global hydrodynamic have been assessed and 

explained. 

4) New algorithms to detect dams and their reservoirs in DEMs, and correct the 

representation of the bathymetry inundated by the reservoirs have been developed. The corrected 

elevation maps have been used to physically represent reservoirs and integrate their operation with 

a hydrodynamic model. The technique enabled the simulation of more realistic water levels, storage, 

and inundated area in the areas within and surrounding the reservoirs. 

To the best of the author’s knowledge, this dissertation is the first to demonstrate the integration 

of artificial reservoirs with a global hydrodynamic model for application in regional domains. 

Further, it is the first to demonstrate an approach to physically represent large reservoirs and assess 

their impacts on improving the simulation of regional scale flood inundation. This dissertation is 

also the first to assess the impacts of spatial resolution and subgrid flow physics representation in 
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a regional to global scale hydrodynamic model; the assessment proved to improve our 

understanding of the important flow processes in modelling floodplain inundation at multiple 

spatial scales. While the modelling frameworks have only been applied in one regional river basin, 

this dissertation demonstrates the applicability of global models for practical uses in the local scale. 

 

7.3 LIMITATIONS AND FUTURE WORKS 

In spite of these advancements, several challenges and issues still remain. Probably the most 

apparent source of concern is the applicability of this dissertation, its methods, and its findings in 

other river basins or in a global scale. The most difficult issue to address in this respect is probably 

the calibration of the model and setting the parameters for reservoir operation. A more detailed 

discussion about this issue had been provided in chapter 4. While this issue remains to be addressed 

either by more advanced calibration techniques or by more physically-based parameterization 

through the use of globally-available data (i.e. through remotely-sensed physical characteristics or 

through inferring relationships from globally existing observations), it can be said that generally, 

the models used still require less parameters to be calibrated as compared with local or smaller scale, 

more complex models. It is expected that with the increasing availability of data and ongoing 

community efforts to share information, more physically-based estimation of parameters may be 

possible in the future and calibration may not have to be rigorously conducted. Meanwhile, the 

methodology and modelling framework should be assessed and replicated in a similar region with 

a low lying floodplain that is heavily impacted by large reservoirs (e.g. Three Gorges Dam in China, 

multiple dams in Danube River Basin in Europe, multiple dams in Parana River Basin in South 

America). Doing so will identify the strengths and weaknesses of the modelling framework and 

may identify possible means of simplification or generalization of the parameters used. 

While canals, diversion channels, and smaller subgrid channels have been represented in the 

dissertation through the use of the multi-direction downstream connectivity scheme, the artificial 

operation of such channels have not been conducted. An approach similar to the generalization of 
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reservoir operation rules may be used to achieve such capability. In addition, the development of 

algorithms for automatically detecting other anthropogenic impacts which critically affect 

hydrodynamics such as dikes, barrages, and pumps may also be explored. However, it is deemed 

that such modelling efforts in the large scale will be hindered by the limited availability of 

information on the specific location of such structures, the rules used to operate them, and the 

data needed for validation.  

While a very simple technique to represent the bathymetry of reservoirs have been introduced, the 

simplification and estimation provides another layer of uncertainty in the modelling chain. Such 

uncertainties will have to be quantified. The quantification of uncertainties will be beneficial and 

necessary in case the system is to be used with forecasting techniques or with any efforts for future 

prediction. 

Despite these shortcomings, the new techniques hereby developed disclose opportunities for 

assessments and analyses that were deemed to be difficult in the past. An interesting study that can 

be conducted once calibration and replication issues are addressed is the recalculation or global 

flood risks in the future climate while evaluating the adaptive capability through the existing 

reservoirs. Reservoir “reoperation” techniques may be assessed or generalized as necessary. A more 

holistic approach to evaluating multiple benefits from reservoir operation, one that takes into 

account the benefits from provision of water supply (i.e. drought mitigation), provision of energy, 

flood control (i.e. flood mitigation), and ecological services, among others, may also be explored 

and proposed. Such studies are essential for identifying hotspots and where the construction of 

large reservoirs are necessary for mitigating multiple risks. 

Another research project worth conducting would be the integration of other physical, 

biogeochemical, or ecological process with the system. For example, the integration of a simple 

sedimentation and sediment flow module will enable the analysis of the effects of large-scale 

damming of rivers to reducing sediment transfer and deposition in deltas. While reservoirs have 

been found to delay the global sea level rise, they also significantly reduce the delivery of sediments 
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to downstream sections of the river basin. This increases the vulnerability of deltas and low-lying 

floodplains to coastal erosion and flood risks [Syvitski et al., 2005]. The coupling of the system 

with atmospheric models similar with ISBA-TRIP [Decharme et al., 2008] will result to more 

realistic estimates of the changes in evapotranspiration due to the fluctuating area of the exposed 

surface waters in the reservoirs as well as in the floodplain downstream of the reservoirs. 

 

7.4 CONCLUSIONS 

To conclude, this dissertation has shown the importance of taking into account the human 

components to realistically model and understand complex natural-human processes such as floods 

and droughts. The new algorithms for representing reservoirs and modelling frameworks 

developed in this study proved to be essential tools for understanding and operating reservoirs in 

order to mitigate floods, ensure the availability of water supply, and to adapt better to the changing 

climate. This dissertation also highlights the importance of physical representation of processes in 

modelling natural-human systems. The physically-based representation of reservoirs and flood flow 

processes have been shown to lead to better predictions of flood flows and inundation in the river 

basin.  

Despite being tested in only one river basin, the tools and techniques presented are essential for 

directing developments towards improved modelling of human-natural systems and their impacts 

on flood inundation in regional to global scales. The discussions provided are essential for 

improving our understanding of the underlying issues of scale and the necessary representation of 

physical processes. Overall, this dissertation contributes towards progress in physically-based 

modelling and their application for better prediction of large-scale floods. 
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A. CALIBRATION OF MODEL PARAMETERS 

The calibration of parameters was carried out at Nakhon Sawan Station, also known as C2 Station, 

a critical station that is located just after the confluence of the four main tributaries of the Chao 

Phraya River Basin (Figure 3.3). Seven parameters have been calibrated in this study: 1) bulk 

transfer coefficient (CD), 2) soil depth (SD), 3) time constant for daily maximum subsurface runoff 

(τ), and 4) shape parameter which sets the relationship between subsurface flow and soil moisture 

(γ) were calibrated in the H08 model; 5) river channel width, 6) bank height, and 7) Manning’s 

roughness coefficient were calibrated in the CaMa-Flood model.  

The default and calibrated values of CD, SD,, , and Manning’s coefficient are shown in Table A1. 

Equations A1 and A2 show the calibrated river width and river bank height equations, respectively, 

as functions of the mean 30-day runoff from upstream of the cell (Rup): 

𝑊 = max[16.6 ∗ 𝑅𝑢𝑝
0.35, 3.0]                                                   (A1) 

𝐵 = max[0.70 ∗ 𝑅𝑢𝑝
0.23, 0.20]                                                   (A2) 

 

Table A1. Model parameters calibrated in the study [Modified after Mateo et al., 2014] 

Parameter 
Default 
Value 

Calibrated 
Value 

H08-Plain 

Calibrated 
Value 

H08-CaMa 

Typical Values 
in Tropical 

Forests 

Bulk transfer 
coefficient 

0.003 0.007 0.007 

0.006 in paddy 
fields; 0.007 in 
well-irrigated 
paddy fields 

Soil depth (m) 1.00 3.50 2.50 not applicable 

Time constant (d),  100 155 140 100* 

Shape parameter,  2.00 2.30 2.40 2.00* 

Manning’s 
coefficient 

0.03 not applicable 0.024 not applicable 

*Hanasaki et al., 2008a 
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Calibration of natural flow simulation was carried out manually in daily, monthly, and annual time 

scales. Primarily, daily flow was calibrated to reduce errors in simulating the peak discharge and 

timing from 1993-1995. Further tuning was carried out to increase the NSE-coefficient in the 

monthly flows and reduce the PBIAS in the annual flows from 1981-2004. 

 

 


