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Abstract: The tremendous increase of flood events and flood damages in many parts of the world over the last few decades makes it obvious that flood management is crucial to flood mitigation. As a consequence, aspects of applicable and reliable information such as produced scenarios and flood history need to be considered as a tool to fulfill flood management requirements and potentials. The study area, Chi River Basin in the Northeast of Thailand, has always been subjected to problems of flooding which are getting more severe with land use changes, urbanization, deforestation and climate changes. Considerations of options for solutions are encompassing both structural and non-structural measures with the aim of reducing flood impacts. To achieve the effective overall flood management approaches, the sensitivity of the river basin characteristics to flood risk as a result of different scenarios has been assessed including storage improvement and land use management changes. Several scenarios have been formulated for the Chi River Basin. Storage improvement scenario, i.e. retention areas and detention reservoirs to store excess floodwater and release it after the peak has passed to reduce peak flows and flood volumes downstream, or controlled flooding of sparsely populated areas with low damage potential, to reduce the risk for downstream areas with higher vulnerability. A further scenario concerns land use management changes, i.e. floodplain/wetlands are used to increase water storage in the river basin. After having identified the scenarios, model simulations have been made to simulate the inundation processes at the floodplains of the Chi River Basin. In this way data for flood hazard zonation and risk mapping at different flood magnitudes can be obtained, i.e. at recurrence intervals of 10, 25, 50, and 100 years. The generation of flood hazard zonation and risk maps was carried out using the combination of 1D modeling of rivers/channels with 2D overland flow modeling, the so called integrated 1D/2D SOBEK hydraulic model. With respect to the parameterization, inundated areas that have been derived from remote sensing data (aerial photographs or satellite images from a major flood in 2001) have been used to calibrate (validate) the hydraulic model. In order to execute the analysis, first, water levels for the different scenarios and management options were simulated by the use of the hydraulic model. Second, the inundated area and the duration of flooding for each scenario was calculated based on the simulated water levels in the retention areas. Third, a comparison of the flood characteristics (i.e. flood depth, flood extend) with and without defense structures was done using the model results. This paper mainly describes the numerical modeling of flooding to evaluate the reliability and effectiveness of the proposed flood management measures. The results from this study will be several options to improve flood management and will form the base for comprehensive flood management strategies.
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1. introduction

Floods are one of the major natural disasters that have been causing the greatest loss of human life and influence on social and economic development. Over many decades, people have influenced the use and extent of natural floodplains. Obviously, human induced changes in land use are one of the significant reasons that exacerbate flood occurrence and its severity in various river basins (Myers, 1997; Schultz, 2001, 2006). The developments within flood hazard areas can increase the severity and frequency of flooding by reducing flood storage, increasing storm water runoff and obstructing the movement of floodwater. In addition, structures that are improperly built in flood hazard areas may be subject to flood damage and threaten the health, safety and welfare of those who use them.

Initially, it is important to distinguish between flood and flooding. The terms ‘flood’ and ‘flooding’ are often used in different ways. In this paper the word will be defined as follows:

· A flood is a temporary condition of surface water (river, lake, sea), in which the water level and/or discharge exceed a certain value, thereby escaping from their normal confines. However, this does not necessarily result in flooding (Munich-Re, 1997); and,

· Flooding is defined as the overflowing or failing of the normal confines of a river, stream, lake, canal, sea or accumulation of water as a result of heavy precipitation by lacking or exceedance of the discharge capacity of drains, both affecting areas which are normally not submerged (Douben and Ratnayake, 2005).

The study area, Yang River Basin, which is one of the major sub-basins of the Chi River Basin in the northeast of Thailand, has always been subject flooding which is getting more severe due to land use changes, urbanization, deforestation, etc. In addition, substantial areas of Chi River Basin will in future experience a greater frequency of flooding, due to greater and more intense intervention in natural processes that can significantly increase vulnerability. Regarding the development and habitation of lands susceptible to floods, significant work needs to be done for flood disaster mitigation.

This study was implemented in order to predict flood behaviour within a river system for various probabilities of flood occurrence, and also identify the flood management measures to achieve reduction in flood risk in the Yang River Basin. To achieve the objective of this study, several scenarios have been formulated for the Yang River Basin. Storage improvement scenario, i.e. retention areas will play an important role in mitigating the adverse impacts to flooding. The discharge of water is delayed by storage of the excess of floodwater in the retention areas upstream of flood risk locations in order to protect the downstream of Yang River Basin against flooding. A further scenario concerns land use management changes, i.e. floodplain/wetlands are used to increase water storage in the river basin. The land use should be adapted to the newly requirement of the temporary hydraulic function. The land use along the river should become as flexible as necessary in view of flooding.

Consequently, model simulations were made to simulate the inundation processes at the floodplains of the Yang River Basin for events that would give rise to a flood flow of specified probability at a downstream location. As a result, the flood hazard zonation and risk mapping at different flood magnitudes were obtained in relation to the increase in rainfall events at recurrence intervals of 10 and 100 years.

In this paper, a widely process-based hydrological program called ‘Soil and Water Assessment Tool’ (SWAT) (Di Luzio et al., 2005; Neitsch et al., 2005a; Neitsch et al., 2005b) that simulates the relevant hydrologic processes in a river basin, has been combined with a 1D modelling of rivers/channels with 2D overland flow modelling within the integrated hydraulic program 1D/2D SOBEK for the generalised analysis of inundation processes at the floodplains (WL|Delft Hydraulics, 2004). The establishment and calibration of the hydrological and hydraulic model, including the evaluation of the reliability and effectiveness of the proposed flood management measures has also been executed. Eventually, the methods suggested in this paper will be the starting point for a sustainable method of flood risk management, which could be a useful component to conventional flood defences in the Chi River Basin.

2. Methodology

This study focuses on the Yang River Basin, one of the major drainage sub-basins of the Chi River Basin, Thailand. The study is designed to create and maintain a floodplain area as natural flood storage by allowing the watercourse to overflow on to its natural floodplain. The results will be applied and provide benefit to the whole Chi River Basin in a later stage. The selection as a test area for the application of the SWAT and 1D/2D SOBEK programmes was based on the availability of input data, which have been used to calibrate the models.

2.1 Study area

The Yang River Basin is located in the northeast of Thailand. It covers an area of approximately 4,145 km2 (Figure 1). Only 3.5% of the area is built-up. The dominant land covers are agricultural land, which covers about 83% of the area, and forest (about 13%). The valley of the Yang River Basin is a flat alluvial floodplain, which is one of the main agricultural production areas of the Chi River Basin. Historically this area suffered from frequent and extensive flooding. The recent major events occurred in 1978, which covered the whole Chi River Basin, and in 1980 only the Yang River Basin.
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Figure 1: The Yang River Basin, as part of the Chi River Basin, Thailand

2.2 Model setup

The Yang flood model is composed of a hydrologic model and a hydraulic model. The program SWAT was developed to calculate a tributary inflow at all the selected points on the Yang River. The hydraulic program 1D/2D SOBEK was used to simulate the flow of water through a river channel network and creates flood inundation extents for the specified return periods. 

2.3 Setting up of the SWAT model

SWAT is based on a spatially semi-distributed, widely process-based hydrological model. The hydrological processes in SWAT are based on the following water balance equation:
[1]  
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where: SWt [mm day-1] is the final soil water content, SW0 [mm day-1] is the initial soil water content on day i, t [days] is the time, Pi [mm day-1] is the amount of rainfall on day i, Qsurf [mm day-1] is the amount of surface runoff on day i, Ea [mm day-1] is the amount of actual evapotranspiration on day i, wseep [mm day-1] is the amount of water entering the vadose zone from the soil profile on day i, and Qgw [mm day-1] is the amount of groundwater flow on day i. Four data layers comprise the data set used for SWAT, i.e., land use, soils, hydrometeorology and topography.
2.3.1 Land use data
The land use patterns were derived from the Thailand Land Development Department (2001). These data were received in the form of a digital map (scale 1:50,000), with polygons representing different land use types such as agricultural or residential parcels. The parcels, which were labelled with attributes such as vegetation type, showed current land use patterns. Processing of the data was done with the use of ArcView GIS by categorizing known uses into larger groups, which were matched to the appropriate land uses included in the database of SWAT. A total of 13 different land uses were chosen.

2.3.2 Soil data

The soil data, which apply to the vadose zone, were also gathered from the Thailand Land Development Department (2001) at 1:50,000 scale and clipped to fit the domain of the Yang River Basin. The upper soil layer is used in SWAT for calculating infiltration, ponding and runoff generation. The 20 different types of soil and rock that exist in the basin were introduced into SWAT in the form of a digital map. A series of attributes was assigned to each type of soil, e.g., depth, saturated hydraulic conductivity and content of clay, silt and sand. The soil pattern in the basin is one of the vital input data to the model, it is combined with the land uses to determine areas with similar land use and soil type without reference to its actual spatial position within each sub-catchment, the so called Hydrologic Response Units (HRUs).
2.3.3 Hydrometeorological data

The meteorological data were derived from 8 meteorological stations and additional 4 rainfall stations. Three series of streamflow data were derived from hydrological stations located in the Yang River Basin and surrounding areas. The meteorological data refer to daily temperature, average mean monthly values of wind speed, solar radiation and relative humidity, corresponding to the period 1980-2005. Only daily streamflow data at the Ban Kut Kwang station (E.70) for the period 1st June-31st October 2001 were used for the calibration of the model.
2.3.4 Digital Elevation Model
Spatial information for the model runs was provided by a 30 m x 30 m Digital Elevation Model (DEM), which was used to delineate the sub-basins. Initially, the DEM was derived based on contour lines taken from a 1:50,000 scale map of the area in the year 1997.

2.4 SWAT model outputs

Simulation results as obtained from the SWAT simulations have been used as a tributary inflow at all the selected points on the Yang River and also to show the capability of the program.

2.4.1 SWAT calibration results

The SWAT model was calibrated by optimising 9 parameters which were deep aquifer percolation fraction (RCHRG_DP), soil evaporation compensation factor (ESCO), groundwater delay (GW_DELAY: days), surface runoff lag time (SURLAG: days), Soil Conservation Service (SCS), runoff curve number for moisture condition II (CN2), threshold water depth in the shallow aquifer for flow (QWQMN: mm), baseflow alpha factor, which is used to compute Qgw (ALPHA_BF: days), Manning's n value for main channel (CH_N), available water capacity (SOL_AWC: mm.H2O/mm.soil), in order to obtain similar discharges to those recorded at the streamflow station E.70 (Figure 2).

With respect to calibration results at the streamflow station E.70 as shown in Figure 2, the model performance proved to be satisfactory. Several statistical indicators were used to evaluate the calibration accuracy, such as the Nash-Suttcliffe coefficient (ENS = 0.9) (Nash and Suttcliffe, 1970), Root Mean Square Error (RMSE = 51.4), Goodness of fit (R2 = 0.90), and the Mean Absolute Error (MAE = 37.1). In this study, ENS and R2 values are greater than 0.70, which indicates that the SWAT model is able to simulate the discharge reasonably. 
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Figure 2: Comparison between observed and simulated daily discharges at the streamflow station E.70 for the period 1st June-31st October 2001
2.5 Setting up of the 1D/2D SOBEK model

Water movement in the stream channel in 1D/2D SOBEK is described by a finite difference approximation, based upon a staggered grid approach as shown in Figure 3a. In the 1D/2D SOBEK model, the interaction between the 1D and the 2D schematisations is combined into a shared continuity equation at the grid points where water levels are defined as illustrated in Figure 3b (Frank et al., 2001).
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where: V [m3] is the combined 1D2D volume, t [s] is time, u [m s-1] is the 2D layer velocity in x direction, v [m s-1] is the 2D layer velocity in y direction, h [m] is the total water height above the 2D bottom, ζ [m] is the water level above the plane of reference (the same for 1D and 2D), Δx [m] is the 2D grid size in x (or i) direction, Δy [m] is the 2D grid size in y (or j) direction, Qkl [m3 s-1] is the 1D discharge flowing out of control volume through link kl, L(i,j) is the number of 1D branches connected to 2D nodal point (i,j) and i, j, k, l is the integer numbers for 2D nodal point and 1D channel numbering.

The momentum equation is applied at grid points where discharges (1D) or velocities (2D) have been defined. The velocities are eliminated by substitution of the momentum equation into the continuity equation. This results in a system of equations at water level points, with all water levels at the new time level as unknown.
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Figure 3: Schematisation of the hydraulic model: a) combined 1D/2D staggered grid; b) combined continuity equation for 1D2D computations (adapted from Frank et al., 2001)
For the application of the program 1D/2D SOBEK, the model setup needs to be established in order to identify the propagation of floods through floodplain areas. The hydraulic system of the Yang River was schematised in a 1D/2D SOBEK model using the following input:

1. 1DFLOW module, GIS layers were imported representing the stream network and lateral inflow points. These layers were derived from 1:50,000 digitised survey maps.

2.  The overland flow (2D):

· The topography was defined using a 300 m x 300 m Digital Elevation Model (DEM) from the Shuttle Radar Topography Mission (SRTM). The DEM covered approximately 4,145 km2 and served as input to the flood simulations. The DEM used in the hydraulic model is shown in Figure 4;
· Boundary conditions in the form of discharge at the upstream and water levels at the downstream side;
· 39 cross sections from the streamflow station E.57 (Ban Kut Chim Khum Mai) to the confluence of the Chi River (Figure 4);
· Time series of 1980-2005 of water levels and discharges at various streamflow stations; and,

· Estimation of the roughness coefficients for the main channel is obtained solely by calibrating the roughness in the river channel. On the contrary, the floodplain is attained through the available literature. Hence, the Manning’s roughness n for the entire river channel and floodplain were used as 0.055 and 0.100 respectively.
[image: image6.png]Legend =

v map
[ Yang River Basin
— YangRiver

Khum Mai)

Hetwork Nodes
@ Flow - Connection Node (14)
Flow - Connection Node with Storage and Leteral Flow (3)
[ Flow - Boundary (2)
©  Flow - Calculation Point (208)
<> Flow - Lateral Flow (11)
Flow - Cross Section (39)
2D - Grid (1)
A 20 -History (25)

Hetwork Branches.
— Flow - Channel (276)

Domain Yang_G
Z-data (Model)
<=16950
»16950
»21000
»25050
>291.00
»33150
»37200
»41250
45300

> 49350

- Yang_Grid: Model Data





Figure 4: Digital Elevation Model (DEM) of the Yang River and its floodplain as applied in the 1D/2D SOBEK
2.6 1D/2D SOBEK simulations

It should be noted that the progression of the flood waves in the Yang River and its tributaries determines the impact of a flood. Hence, the discharges of the tributaries, which were calculated by SWAT have been incorporated into the 1D/2D SOBEK model. The approach is to import the input variables (output from SWAT) and, subsequently, run them through the 1D/2D SOBEK model in order to obtain the results for the flood propagation.
2.6.1 Natural flood storage
For the Yang River, reliance on protection dikes and on existing reservoirs can only attain a limited level of flood control. The most effective way of protecting against floods is to delay the quantity of discharge by means of flood flow detention and partial water flow in detention areas to effectively reduce the peak flood discharge. Therefore, the concept of natural flood storage was established in this study as a proposed flood mitigation measure for any flood event, this natural attenuation may cause a volume of water to be held for some time on the floodplain.
The study involved a search of the upstream floodplain to find areas that may be suitable for impounding water. As a result, the retarding basin is supposed to be constructed to store floodwater from the Yang River, thus preventing overflow of the Yang River. When flooding has ceased, the stored water will be drained back into the Yang River through the discharging gate. By conveying the floodwater from/back into the Yang River, the floodway is also proposed to be constructed to discharge a portion of the floodwater from the Yang River to the retarding basin when flooding occurs, and release it after the peak has passed to reduce peak floods and flood volumes downstream. By doing so, floodwater damage in the river basin can be eliminated or reduced, and a better and safer living environment is created.

In this study, the target has arbitrarily been set to limit a 100-year Incident event to a 10-year Target peak flow. Therefore, it was necessary to determine the difference between the 10-year and 100-year Incident events. Firstly, the estimation of peak flow magnitudes for flooding at the downstream risk location was calculated by setting up the 1D modeling of rivers/channels in 1D/2D SOBEK (Figure 5). As a result, the downstream hydrograph for the 100-year Incident event was then compared with the peak flow for the Target event, and the volume that would have to be stored was approximately 120 million m3.
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Figure 5: Discharge hydrograph volume analysis

Secondly, the SOBEK 1D/2D model was run to create flood extents for the specified return periods that represent the movement of water over the floodplain. The result of the 1D/2D SOBEK simulations for the 10 and 100-year Incident events are shown in Figure 6. The model simulations resulted in a maximum water depth in the Yang River Basin up to more than 2.3 m.
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Figure 6: The modelled flood extents for a flood 10 and 100-year Incident events
With respect to the modelled 100-year Incident event, the peak discharge was greater than 730 m3/s (Figure 7), which was larger than the conveyance capacity of the lower river channel. For the safety of extensive areas along the two sides of the river, flood diversion including potential natural flood storage is proposed to be used and function as a flood retention area.
The possible natural flood storage was identified by considering the simulated 100-year flood level in relation to the topographic condition at the locations where the floodwater needed to be released to reduce flood risk downstream. In this study, three locations were allocated upstream of the risk location with the total area of approximately 187 km2 (4.5% of the Yang River Basin). In order to convey the floodwater to the natural flood storage, the floodwater was diverted into a trapezoidal-shaped flood diversion channel, which was designed by following the design criteria of the Royal Irrigation Department (Thailand).

The process of flood diversion including potential natural flood storage was then simulated with a 1D/2D SOBEK model. The comparison between the simulated 100-year discharge with the flood retention, and without flood retention for the same section of the downstream river channel is shown in Figure 7. This comparison gives an illustration of the influence exerted by flood retention on the magnitude of a flood peak. The peak discharge was reduced about 3.5% with the magnitude close to the 10-year Target peak flow, which effectively mitigated the flood risk in the downstream part of the Yang River Basin from a 100-year Incident event to a 10-year Target peak flow.
Based on the discharge hydrograph volume analysis and possible natural flood storage, a simple assumption is made that the storage volume required to reduce the flood risk from 100-year Incident event to a 10-year Target peak flow can be divided by the potential natural flood storage to give a notional average storage depth. The value of 0.6 m has been defined as a required average storage depth for the potential to store the required volume within the river system.
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Figure 7: Discharge in the Yang River with and without flood diversion and natural flood storage
3. Discussion

The results for the Yang River Basin as presented above are a good basis for discussion of further improvements in the models. The methodology used for the investigation of the flood management measures to achieve reduction in flood risk, is a simplified method including some numerical modelling for an inundation processes at the floodplains of the Yang River Basin.
The results showed that the SWAT reasonably tracked the daily streamflow variation for the entire simulation period. However, there seems to be an underestimation of the streamflow. Possible explanations for model underestimation of the streamflow may be attributed to some of the parameters in SWAT. Therefore, further calibration efforts for a longer period and validation of the models are required to obtain more accurate results. 
Subsequently, 1D/2D SOBEK modelling of flooding has been integrated in order to predict flooding behaviour within a river system for different flood magnitudes. The analysis of the results from this study includes an assessment of the flood simulation in relation to the different flood scenarios, as well as a preliminary investigation of the proposed flood management schemes.
Based on the simulation outputs, the Yang flood model has given some indication that it may be viable to provide enough flood storage to limit a 100-year Incident event to a 10-year Target peak flow solely by using the natural floodplain. Regarding the flood inundation simulations, three possible natural flood storages including a trapezoidal-shaped flood diversion channel were identified by considering the calculated 100-year flood level in relation to the topographic condition upstream of the risk location. Moreover, the results of flood diversion including potential natural flood storage showed that the difference between simulated 100-year discharge with and without the flood retention for the same section of the downstream river channel is obvious. The peak discharge was reduced about 3.5% with the magnitude close to the 10-year Target peak flow (Figure 7). 
4. Future steps

The approach suggested in this study is a starting point for generalised analysis of storage on the natural floodplain as well as the flood diversion. There are a number of further options that will be explored during next steps. Future study will consider alternative ways of defining the potential natural floodplain by considering areas that could not be used for storage, i.e. built-up area (urban, towns, villages). Because the amount of built-up area within the floodplains will affect the assessment of what natural flood storage is potentially available for flood mitigation purposes. Any enhanced natural floodplain storage scheme would have to be designed in order to avoid flooding these built-up areas. Therefore, the buffer zone should be taken into consideration in order to protect the built-up area from flooding. Further analysis should also involve full operation of flood detention basins for reducing flood inundation losses, with many levels of floodwater sub-diversion, based on different floodwater levels. The next step would also be to examine the economic impacts of assigning land within the assumed flood extent for flood storage. By doing so, the land use types in the Yang River Basin would have to be categorised with respect to elevation. In combination with the flood characteristics, i.e. flood depth for the different areas related to topography, a land use-elevation curve can be developed for the potential flood damage assessment. By using the simplified analysis based on land use types to provide an index cost, the estimation of inundated area per land use type will be achieved, and can be used for comprehensive risk analyses and flood management strategies for the whole Chi River Basin in a later stage.
5. Conclusions

The main purpose of the overall study is to identify both structural and non-structural measures in order to reduce flood impacts to settlements in the Yang River Basin. In this paper, storage improvement and land use management changes scenarios have been formulated as a proposed flood management scheme. In order to fulfil all the objectives, the numerical programs SWAT and 1D/2D SOBEK were applied in the Yang River Basin. The SWAT model has been applied for calculating a tributary inflow at all the selected points on the Yang River. It should be noted that the initial stage of SWAT simulation (Figure 2) should be considered as a starting period, which is essential for parameter stabilization since it can be seen that the results vary from the observed values at the beginning of SWAT simulation. Therefore, a longer calibration period is needed in order to obtain more accurate results. However, overall, the SWAT model calibration outcomes still provided reasonable results due to the simulated flow as shown in Figure 2, was close to the observed ones with a good value of statistical indices. The 1D/2D SOBEK flood inundation model was set up for a simulation of the flow of water through a river channel network and creates flood inundation extents for the specified return periods. The 1D/2D SOBEK calculated the volume of storage needed as 120 million m3, to reduce flood risk downstream from 100-year Incident event to a 10-year Target peak flow. With regard to mitigating the effects of floods, three possible natural flood storages including a trapezoidal-shaped flood diversion channel have been proposed by considering the calculated 100-year flood level in relation to the topographic condition upstream of the risk location, and cover 4.5% of the Yang River Basin with the required average storage depth of 0.6 m. By including the proposed flood mitigation measures into consideration, the results showed that the calculated discharge for 100-year Incident event with the flood retention, and without flood retention for the same section of the downstream river channel is reduced about 3.5% with the magnitude close to the 10-year Target peak flow. 

Finally, the 1D/2D SOBEK is found capable of simulating flood events with and without flood diversion including potential natural flood storage, and delivering reliable results. Thus, it can be concluded that the flood diversion including potential natural flood storage is a successful measure, for lowering the peak discharges at the downstream area. Moreover, it can also provide the maximum inundation level, which is predominant for determining the damage at downstream risk location. The results of this study are significant as they provide the basic modelling concept as an assessment tool to predict flood behaviour within a river system for various probabilities of flood occurrence, and also identify the flood management measures to achieve reduction in flood risk. Finally, a sustainable method of flood risk management can be established, which could be a useful component to conventional flood defences in the Chi River Basin.
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