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Abstract: Floods are the most frequent natural catastrophe that can cause large damage to human life and property. Flood management requires identification of risk that is demonstrating spatial and temporal variability. Quantification of spatial and temporal uncertainties in flood data is the first step in flood risk analysis process. Flood hazard mapping is used to spatially represent risk of flooding. The spatial and temporal uncertainty of flooding is not appropriately considered in flood hazard mapping. This paper addresses the inherent spatial and temporal uncertainty and subjectivity associated with the flood risk analysis process and provides a methodology for spatial and temporal quantification of flood risk using the fuzzy set theory. The risk is represented by a set of three fuzzy operational indicators: (1) a combined reliability-vulnerability index, (2) a robustness index, and (3) a resiliency index. Spatial fuzzy performance indices are implemented in the flood risk analysis of the Red River basin from south of Winnipeg Floodway to the town of Ste. Agathe, Manitoba, Canada. A two-dimensional hydrodynamic model, MIKE 21, coupled with GIS is used to capture the variations in hydraulic response of the river and its floodplains in extreme flooding conditions and to capture spatial and temporal variations of flood risk.
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1. introduction
Flood plain management is a feedback based complex dynamic process described by a large number of state variables interacting in space and time. Quantification of spatial and temporal variability in flood data is the first step in flood risk analysis process. Unfortunately traditional modelling of dynamic processes does not explicitly consider spatial and temporal variation of flood risk. To understand risk dynamics, patterns in time and space need to be examined together. Thus, the methodology described in this paper defines a new modelling framework for capturing feedback based dynamic processes in time and space and integrating different modelling tools required for solving complex flood risk management problems. To better describe dynamic characteristics of flood processes and capture the spatial and temporal variability and uncertainty in flood risk analysis, the new modelling framework integrates hydrodynamic modelling with fuzzy risk analysis. 
1.1 Hydrodynamic River Modelling
2 D hydrodynamic river modelling is presented in this paper as a powerful application for spatial and temporal analysis of flood risk variation. In a very flat floodplains with complex topographic features and presence of infrastructure, flood wave propagation can not be properly captured using 1D modeling tools. To accurately capture the overland flows, a 2-D modelling approach is required. As the Red River valley is very flat, a 2-D hydrodynamic modelling approach should be used in the basin for flood risk management. The main advantage of using the 2-D approach is that it provides information on variable velocity and depth at any point of interest in the model domain. The computation of velocity profiles in two dimensions also provides a better prediction of the effects of river training, scouring and sediment transport processes.
1.2 Types of uncertainty in flood risk assessment
Ahmad and Simonovic (2007) state that uncertainty can be attributed to two main sources: (1) natural variability and (2) knowledge uncertainty. Natural variability deals with inherent variability of the physical world. Simonovic (1997) further categorizes natural variability i.e. randomness into i) temporal variability, ii) spatial variability and iii) individual heterogeneity. Temporal variability describes the time dependant fluctuations, while spatial variability describes the space dependant fluctuations. Individual heterogeneity includes all other sources of variability. The second type of uncertainty i.e., knowledge uncertainty deals with limitations in understanding of events or processes. Knowledge uncertainty arises mainly due to lack of data or information. According to Simonovic (1997) knowledge uncertainty deals with our limited ability to represent the real world phenomena by a mathematical model for effective analysis and can have an effect on i) model formulation, ii) parameter estimation and iii) decision-making. In this research fuzzy set theory is used to capture the uncertainty in flood plain risk management.
1.3 Fuzzy approach to flood risk management 

Fuzzy set theory was developed to address people’s judgmental beliefs or the uncertainty that results due to lack of knowledge (Zimmerman, 1996). The application of the fuzzy set approach in the field of water resources management has grown over the last two decades (El-Baroudy and Simonovic, 2004). The existing fuzzy approaches are used extensively in water resources multi-objective decision making under uncertainty. Ahmad and Simonovic (2007) used three spatial fuzzy reliability measures: (i) combined fuzzy flood reliability-vulnerability index; (ii) fuzzy flood robustness index; and (iii) fuzzy flood resiliency index to represent the spatial variability and uncertainty associated with flood risk management. In this work these three spatial fuzzy reliability indices are extended to capture the temporal variability of flood risk. Ahmad and Simonovic (2007) further developed a new spatial fuzzy system dynamics simulation (SFSDS) model based on the integration of system dynamics simulation (to address the temporal variability of flood risk) and spatial fuzzy reliability analysis (to address the spatial variability of flood risk). 
1.4 Research objectives

Feedback based dynamic approach that considers spatial and temporal uncertainty in flood risk assessment is almost non-existent in the literature. Most of the existing methods are not capable of spatial and temporal representation of risk. Ahmad and Simonovic (2007) used SFSDS approach to capture spatial and temporal variability of flood risk. But in SFSDS approach, lack of dynamic data exchange between SD and GIS limits the explicit consideration of temporal and spatial variability of state variables and full automation of the data handling process. Therefore this paper focuses on the use of hydrodynamic river modelling to better describe the dynamic behavior of flood risk in space and time. 
2. Two dimensional Hydrodynamic River modelLing

The tool used for 2-D hydrodynamic modelling in this study is MIKE 21 (Danish Hydraulic Institute, 2008). MIKE 21 is a modelling system for 2-D free-surface flows and can be used for the simulation of hydraulic and related phenomena in rivers, lakes, estuaries, and coastal areas where stratification can be neglected. Typical application areas are: modelling of tidal hydraulics; wind and wave generated currents; storm surges; dam-break; and flood waves. Different sources and sinks can be described in the model and the model is also capable of handling flooding and drying. The continuity and X and Y -momentum equations are used for the conservation of mass and momentum to describe the flow and water level variations in two-dimensional models (DHI, 2008).  The modelling system solves the fully time-dependent non-linear equations of continuity and momentum using an Alternating Direction Implicit (ADI) finite difference scheme of second-order accuracy with the variables defined on a space staggered rectangular grid. The outcome of a simulation is the water level and fluxes in the computational domain.
2.1 A Case Study

2-D hydrodynamic modelling approach is applied to a section of the Red River basin from St. Agathe to St. Norbert in Manitoba, Canada. The Red River originates in the United States and flows north. The basin is remarkably flat. The St. Agathe town was completely flooded during the 1997 flood event. Focus area for the study is from south of the Winnipeg floodway to the town of St. Agathe (Figure 1).
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Figure 1 : Schematic diagram of the study area
2.2 Data Requirements

The data required for 2-D hydrodynamic modelling are:
Hydrologic Data: The discharge and water level data used in this study is collected from Water Survey of Canada (WSC). Hourly discharges at Red River near Ste. Agathe and hourly water levels below floodway are used as upstream and down stream boundaries respectively. Hourly wind data recorded at the Winnipeg airport is also used.
Topographic Data: The topographic data is available through the International Joint Commission (IJC). This data set is in the form of ArcInfo GRID files (5m by 5m grid) and is derived from LIDAR airborne survey (Figure 2). The area covered by this data is 688 km2, from south of the Winnipeg floodway to Ste. Agathe. The projection for this data set is UTM NAD83 Zone 14 (North) and Vertical Datum is CGVD1928.
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Figure 2 : DEM created from LIDAR data
X-section data: LIDAR data capturing technique can not collect topographic information for areas under water, so cross-section information for the main channel is collected from the Water Survey of Canada.

Boundary Conditions: Discharge and water level data is used to set up the boundary conditions of the model for the river.

Calibration Data: The data required for calibration include Manning’s roughness coefficient for the river and floodplains, eddy’s viscosity and wind friction coefficient. Calibration is carried out by trial and error method until a reasonable match between observed and modeled water levels, discharge and velocity is achieved.
3. Flood risk analysis

Three fuzzy reliability measures: (1) a combined reliability-vulnerability index, (2) a robustness index, and (3) a resiliency index, are used for analysis of spatial and temporal variation of flood risk. 
3.1 Definition of partial failure

The partial level of flood damage is represented as a fuzzy membership function,
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where, 
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is the fuzzy membership function of margin of safety for cell i at time t; and Di1 and Di2 are the lower and upper bounds of the partial flood damage level for cell i at time t.
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Figure 3 : Partial level of flood damage membership function
3.2 Fuzzy flood damage in space

Triangular membership function (Figure 3) is used to represent the fuzzy flood damage. Then the function 
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on the universe of discourse Di can be defined in space and time using: 
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where,
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is the flood damage membership function for the i-th cell at time t; Di Mean is the modal value of flood damage for the i-th cell at time t; andDi Min, Di Max are the lower and the upper bounds of flood damage for the i-th cell at time t.

3.3 Fuzzy flood compatibility

The basis of spatial and temporal reliability assessment in this study is the comparative analysis of two membership functions: (a) flood damage membership function; and (b) the predefined partial flood damage level membership function in space and time (Figure 3).
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where, CMi is the compatibility measure for the i-th cell at time t; WOAi is the weighted overlap area between the flood damage membership function and the partial level of flood damage membership function for the i-th cell at time t; and WAi is the weighted area of the flood damage membership function for the i-th cell at time t.

3.4 Spatial fuzzy combined reliability-vulnerability index

“Reliability and vulnerability are used to provide a complete description of system performance in case of failure and to determine the magnitude of the failure event” (El-Baroudy and Simonovic, 2004). Spatial fuzzy reliability index for flood risk assessment is calculated in every time interval for each grid cell: 
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where: REi is the combined fuzzy reliability-vulnerability index for the i-th cell at time t; LRi max is the fuzzy reliability of partial flood damage level corresponding to the maximum compatibility value for the i-th cell at time t; LRi f  is the fuzzy reliability of the f-th level of partial flood damage for the i-th cell at time t; CMi f is the fuzzy compatibility for flood damage with the f-th level of partial flood damage for the i-th cell at time t; and K (= f) is the total number of the defined levels of partial flood damage.
A flow chart in Figure 4 shows the process adopted for the calculation of the temporal variation of spatial fuzzy combined flood reliability-vulnerability index. Computation of the combined fuzzy reliability-vulnerability index comprises of six steps. The first step deals with generation of fuzzy membership functions to describe the uncertainty in flood damage. In the second step, the weighted area of the flood damage membership function is analyzed. The third step includes generation of the partial levels of flood damage (Figure 4). In order to illustrate the range of stakeholder’s preferences two partial levels of flood damage: (1) conservative and (2) risky, are chosen in this study. The forth step deals with the computation of weighted overlap area for two partial levels of damage to determine the compliance level. Then in the step five, the fuzzy compatibility is calculated using Equation 3. In the last step, Equation 4 is used to calculate the spatial fuzzy combined reliability-vulnerability index at each time interval.
3.5
Spatial fuzzy robustness index

The adaptability of the system to the change in the partial level of flood damage is analysed. From two partial levels of flood damage, compatibility measure values are used as inputs in the following equation: 

[image: image12.wmf]2

i

1

i

i

CM

CM

1

RO

]

5

[

-

=


where: ROi is the fuzzy robustness index for the i-th cell at time t; CMi 1 is the compatibility measure before the change in the partial level of flood damage for i-th cell at time t; and CMi 2 is the compatibility after the change in the partial level of flood damage for the i-th cell at time t.

3.6
Spatial fuzzy resiliency index

The time required to recover from the failure state is represented as a fuzzy set.   System recovery time varies depending on the type of failure. The center of gravity of the maximum fuzzy recovery time is used as a real number representation of the system recovery time.  The system fuzzy resiliency index is determined to be the inverse value of the center of gravity:
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Figure 4: Flowchart for spatial fuzzy combined reliability-vulnerability index (Ahmad and Simonovic, 2007)
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where,RSi is the spatial fuzzy resiliency index for the i-th cell at time t. CGi is the center of gravity of the recovery time membership of the i-th cell at  time t; i is the grid cell subscript , and i=1,2,3,4,….......N; N is the total number of grid cells; and 
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is the fuzzy recovery time for the i-th cell at time t.
4. Conclusion 

Research in progress discussed in this paper is focusing on the methodology for the flood risk management that will be capable of: (a) addressing water resources uncertainty caused by variability and ambiguity; and (b) integrating objective and subjective risk based on better understanding of spatial and temporal variability of risk. 2D hydrodynamic modelling addresses dynamic behavior of flood in space and time. Use of fuzzy reliability analysis addresses inherent uncertainty associated with flood risk management. Combined fuzzy reliability and vulnerability, fuzzy robustness and fuzzy resiliency captures the flood risk in space and time. Spatial fuzzy reliability analysis has been successful in addressing spatial variability of flood risk. The remaining work will capture the dynamic behavior of flood risk which will complete the development of the methodology.  
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