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Abstract: A complete knowledge of flood risk, hazard, vulnerability and exposure in different spatial locations is essential for developing an effective flood mitigation strategy for a watershed. In the present study, a flood risk-vulnerability analysis is performed. Four components of flood vulnerability: (a) physical; (b) economic; (c) infrastructure and (d) social, are evaluated individually using a Geographic Information System (GIS). The proposed methodology estimates the impact on infrastructure vulnerability due to inundation of critical facilities, emergency service stations, and road bridges. The components of vulnerability are combined to determine the flood vulnerability. The patterns of land use and soil type are considered as two major components of flood exposure. Flood hazard maps, flood vulnerability and exposure are used to finally compute the flood risk at different locations in a watershed. The system is designed to provide support for different users, i.e., general public, decision-makers and water management professionals. An interactive analysis tool is developed to assist in evaluation of the flood risk in response to a change in land use pattern. The proposed methodology is implemented to six major damage centers in the Upper Thames River watershed, located in the South-Western Ontario, Canada. A web-based information system is developed for systematic presentation of the flood risk, hazard, vulnerability and exposure by postal code regions or Forward Sortation Areas (FSAs).
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1. introduction
Assessment of flood risk and vulnerability, and dissemination of the appropriate information to different stakeholders is a very important part of the flood management process. The general public may use the information in purchasing a house, or in selecting a site to start a business. Knowledge of flood risk could aid decision-makers in: developing land development plans and land use zoning; in planning emergency response strategies; in waste disposal site selections; in making infrastructure budgetary decisions; in developing guidelines for operation of existing infrastructure; and in general policy development at all levels. Water management professionals can utilize flood risk assessment information in planning, design, construction, and operation & maintenance of flood protection infrastructure.

The present research is motivated by the Hotspots project (Dilley et al., 2005) completed by the Center for Hazards and Risk Research (CHRR) at Columbia University and the World Bank’s Disaster Management Facility (DMF), now the Hazard Management Unit (HMU). In the Hotspots project, the risk levels are estimated by combining hazard exposure with historical vulnerability for two indicators of risk – (a) population and (b) Gross Domestic Product (GDP) per unit area - for six major natural hazards, but the social impacts of natural hazards are not considered. Hotspots global analysis and case studies stimulate additional research, particularly at national and local levels.

The present study develops a web-based tool for flood risk-vulnerability analyses and facilitates vulnerability mitigation by providing various flood information to different users (Black et al., 2007). The web-based information system is designed to provide selective access to information on the bases of user needs. A set of suitable vulnerability indicators and the procedure for their integration into an overall vulnerability index with high spatial density represent the major analysis tool within the information system. The additional innovations of the information system include (Karmakar et al., 2008): (i) the spatial flood vulnerability analysis due to inundation of main communication routes and road bridges, and (ii) the spatial flood impacts due to inundation of critical facilities (schools, hospitals, and fire stations).  The postal codes or Forward Sortation Areas (FSA) are considered for spatial discretization of the region and flood risk evaluation. An interactive analysis tool is also developed for calculation of flood risk as a function of change in land use. The proposed information system is implemented to six major damage centers in the Upper Thames River watershed, located in the South-Western Ontario, Canada.

2. GENERAL DEFINITIONS
‘Flood hazard’ is a measure of the susceptibility/threat to a region due to its physical environment. It frequently encompasses hydrological and hydraulic analyses and the mapping of flood planes. ‘Flood vulnerability’ is defined as a measure of a regions’ or population susceptibility to damages (Hebb and Mortsch, 2007). Flood vulnerability, as considered in this study, is a combination of physical, economic, infrastructure, and social vulnerability. The computation is based on selected flood risk-vulnerability indicators. Similar to flood vulnerability, ‘flood exposure’ indicates susceptibility of a region to flood damages but it includes hydrological influence on flood flow and its response. ‘Flood risk’ can be defined as a descriptor of total losses due to a flood event occurring in a specific area. Mathematically, risk is considered the product of a hazard and vulnerability of a region. However, in this study flood risk is the product of vulnerability, hazard, and exposure:
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The layout for collecting and integrating the data, along with the sequential procedural steps for data processing and representation are outlined in Figure 1. The next section presents the characteristics and geography of the study area.
3. STUDY AREA
The Upper Thames river basin lies in the middle of south western Ontario; drains an area of 3,500 km2; and is populated by approximately 422,000 people. Two main tributaries of the Thames River, referred to as the North (1,750 km2) and South (1,360 km2) branches, join at a location in London known as ‘The Forks’. The Forks region has served as a historical landmark for London, and is characterized by both commercial and residential structures. Major flood damage centers in the watershed include communities of London, St. Marys, Ingersoll, Mitchell, Stratford and Woodstock. The study area consists of a number of major postal code regions or Forward Sortation Areas (FSAs), some of which extend beyond the watershed boundaries. A total of 25 FSAs from these cities have been considered in the study, and are listed in Table 1.
These FSAs are the smallest spatial geographic units considered in this study. Various layers and datasets compatible with the GIS software have been collected from Statistics Canada, The Ontario Fundamental Dataset, Upper Thames River Conservation Authority, Surficial Geology of Southern Ontario dataset, and Route Logistics. These datasets are available online or obtained from the Serge A. Sawyer map library and the Internet Data Library System (IDLS) at the University of Western Ontario, London, Canada. Next two sections describe the methodologies for hazard and vulnerability analyses.
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Figure 1: Organization of Web-based Flood Information System
Table 1: List of the Municipalities and FSAs (Public Safety and Emergency Preparedness Canada, 2005)
	Municipality
	FSA

	London
	N5V N5W N5X N5Y N5Z N6A N6B N6C N6E N6G N6H N6J N6K N6L N6M N6N N6P

	Mitchell
	N0K

	Woodstock
	N4S N4T N4V

	St. Marys
	N4X

	Stratford
	N4Z N5A

	Ingersoll
	N5C


4. Flood Hazard Analysis
Hazard describes a physical threat from a flood occurring and a region becoming inundated. The consideration of hazard as a flood risk component is essential, since the vulnerability of the population is negligent if there is no direct exposure to hazard (i.e., flood event). The probability or likelihood of flooding is described as the chance that a location will be flooded in any one year. Exceedance probability of a flood is represented as: 

[2] P[X ( x] = 1 – F(x) 

where F(x) denotes the value of Cumulative Distribution Function (CDF) of river flow x. The return period (Tx) of flood flow x is the reciprocal of exceedance probability, which is mathematically represented as: 

[3] Tx = 1/ P[X ( x] = 1/[1 – F(x)]

A flood line of a particular return period is the extreme boundary of the region exposed to a flood of the same return period. It represents the hazard or spatial extent of threat from the flood of a particular return period. The flood lines for a particular return period are evaluated by using physical, hydraulic and hydrologic characteristics of a particular location in the watershed. The present study utilizes the flood hazard maps with 100 and 250-years flood lines as one of risk components depicting spatial extent of flooding with exceedance probability of 0.01 and 0.004, respectively.
5. Flood Vulnerability Analysis
In this study, flood vulnerability has been defined as a combination of four distinctive types of vulnerabilities: physical, economic, infrastructure and social. Indicators of each vulnerability type are fixed based on data availability, and are linked together by a common theme as illustrated in Table 2. 
Table 2: Flood Vulnerability Indicators

	Category
	Theme
	Indicator

	Physical
	Biological sensitivity
	- Wetlands

	Economic
	Structural
	- Period of construction

- Structure type

	Infrastructure
	Transport
	- Road

- Railway

- Unpaved road

	
	Facilities
	- Critical facilities (e.g., school, hospitals and fire stations)

	
	Bridges
	- Road bridges

	Social
	Age
	- Population under 20 years of age

- Population 65+ years

	
	Differential access to resources
	- Female population

- Population of female-headed single-parent households

- Population whose has no vehicle

- Low income households

	
	Household structure
	- Population living alone

- Full houses

	
	Social status
	- Population of renters

- Mobility

- Population who have not graduated high school

- Regions of low community participation

	
	Ethnicity
	- Population whose knowledge of official language is 

  neither English nor French

- Population of visible minorities

	
	Economic
	- Employed labour force working from home

- Direct workforce in agriculture


The vulnerability index (
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) corresponding to each indicator for ith FSA is calculated using the following equation, which standardizes each vulnerability index value ranging from 0.0 to 1.0:
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where vmax and vmin are the minimum and maximum values of the indicator for all FSAs, respectively, and vi is the actual value of the indicator for ith FSA. This calculation of vulnerability index offers an improvement over the traditional calculation of vulnerability index, i.e., dividing all values by the maximum value, 
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, as it considers both the maximum and minimum values and ensures that the vulnerability indices are within [0, 1] interval and always non-negative. In the assessment of infrastructure vulnerability, the present study considers (a) the spatial impact of flooding of main communication routes and road bridges, and (b) the impact of flooding of critical facilities (schools, hospitals, and fire stations). The developed methodologies for considering these impacts are discussed in next two subsections.

5.1 Infrastructure Vulnerability due to Inundation of Critical Facilities and Road Bridges
Procedure for assessment of vulnerability due to inundation of critical facilities includes the use of a GIS tool. As per the availability of data, the FSAs of London are considered for the demonstration of the methodology. A 6x6 grid layer is placed over the FSAs of London, which breaks the entire city into 36 cells, as illustrated in Figure 2(a). The process used is based on the assumption that the people closest to the facility are its primary users. Thus, the spatial shape for calculation of vulnerability is square as shown in Figure 2(b). Procedure implemented using GIS tool is as follows: (1) Divide the area under consideration into a grid – the grid should be regular in shape. In the present analysis, a 6(6 square grid is used; (2) Use the Degree of Importance (DI) to quantify the importance of a critical facility for each FSA. Red, orange, yellow and white color codes correspond to 1.0, 0.75, 0.2 and 0.0 DI values, respectively. The colors are reflecting the vulnerability of each cell: red (high), orange (medium), yellow (low), white (no influence). The grid cells within an FSA that contain one or more critical facilities are identified. These grid cells are assigned red color, the highest DI of 1; (3) Assign a white color, indicating ‘zero’ DI value to the remaining grid cells; (4) Following the previous three steps, assign DI values for all grid cells separately for each case of a grid cell with red color. Finally, the Overall DI (ODI) for a grid cell is calculated by averaging these DI values; (5) Vulnerability for an FSA - area shown in bold solid line in Figure 2(c), is calculated as:
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where ODIk is overall degree of importance for kth grid cell, Ak is the area of ith FSA with overall degree of importance ODIk; 6. Determine the standardized vulnerability index value using Equation 4.

The infrastructure vulnerability is also affected by the inundation of road bridges. Vulnerability of an area due to the inundation of a bridge includes the interruption of traffic and formation of communication barriers between different locations in the affected region. The same procedure (steps 1 through 6) as described for the case of critical facilities is followed, with the use of the new vulnerability shapes as shown in Figure 2(d and e), to determine the infrastructure vulnerability due to inundation of road bridges. The shape varies with the number of bridges in any particular grid cell. Figure 2(d and e) illustrate the shapes of vulnerability for cells containing 1-5 and 6-10 road bridges, respectively. As the number of bridges increases, the more likely it is that inundation of that cell would affect more people. The road bridges scenario designates a DI as either red/high (1.0) or yellow/low (0.2).
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Figure 2: (a) 6x6-Grid Layered Over the FSAs of London, (b) Square Vulnerability Shape, (c) Example FSA Region, (d) Vulnerability Shapes for Cells with 1-5 Bridges and (e) with 6-10 Bridges

The calculation of the flood vulnerability indices following the procedures described in this section provides input for mapping each category of vulnerability in GIS. Table 3 shows the values of four components of vulnerability in the Upper Thames River Basin. In physical vulnerability, the FSA - N0K in Mitchell is identified as the most vulnerable due to large wetland areas in the region. The FSAs with ‘zero’ values in the column of physical vulnerability indicate absence of wetlands. The FSA – N4S in Woodstock is the most vulnerable in economic sense due to the presence of large number of older houses in this region. The FSA – N0K in Mitchell is also identified as the most vulnerable in regards to infrastructure component due to its largest land area, which includes the longest road and railway networks. It is also identified that the FSA – N4Z in Stratford is the least vulnerable due to the absence of railway and minimum length of paved and unpaved roads. The column for social vulnerability shows high values for most of the FSAs within the city of London due to high population in these FSAs. The FSA – N5Y is the most vulnerable in social sense due to high values of indicators such as ‘differential access to resources’, ‘social status’ and ‘ethnicity’. Figure 3 displays the difference in infrastructure vulnerability due to inundation of critical facilities and road bridges. In most cases, the standardized values of infrastructure vulnerability of the FSA increase with the addition of impacts due to the inundation of road bridges and critical facilities. The GIS generated map are produced for each component of vulnerability values as presented in Table 3. More details of the processed numerical data and graphical results of the present study can be obtained from Peck et al. (2007) and Karmakar et al. (2008).
In the present study, the simplest way to combine the four components of vulnerability into a single measure would be to average the values of indices for each component [as given in the ninth column of Table 3]. Simple averaging can be used if all vulnerability components contribute equally to flood vulnerability. If some components contribute more, a subjective decision must be taken to create an appropriate weighting scheme. Another problem with ‘averaging’ is that it may obscure high vulnerability of one type when averaged with low vulnerability of the other. To avoid the problems associated with averaging and determine absolute flood vulnerability, method of Pareto ranking is used which ranks the FSAs based on the vulnerability index values for each indicator. Pareto ranking is a method for ordering according to multiple criteria (Rygel et al. 2006). The standard procedure for Pareto ranking as explained by Rygel et al. (2006) is applied in the present study with all indicators of vulnerability. The last two columns of Table 3 compare the vulnerability values obtained by simple averaging and Pareto ranking for all FSAs.
Table 3: Flood Vulnerability and Exposure Analyses of the Upper Thames River Basin
	FSA
	Components of Flood Vulnerability
	Flood Vulnerability
	Exposure
	Rank based on flood vulnerability

	
	Phy-

sical
	Eco-

nomic
	Infrastruc-

ture
	Social
	
	Land use
	Permeability
	Averag-

ing
	Pareto ranking

	N6A
	0.000
	0.264
	0.432
	0.383
	0.296
	0.7362
	0.2139
	15
	13

	N6B
	0.000
	0.282
	0.467
	0.399
	0.316
	1.0000
	0.0000
	12
	5

	N6C
	0.014
	0.613
	0.477
	0.794
	0.498
	0.7562
	0.9403
	6
	7

	N6E
	0.000
	0.128
	0.256
	0.767
	0.303
	0.4311
	0.9497
	13
	12

	N6G
	0.000
	0.495
	0.556
	0.703
	0.471
	0.3954
	0.5836
	9
	4

	N6H
	0.015
	0.828
	0.356
	0.784
	0.503
	0.2481
	0.5144
	5
	3

	N6J
	0.000
	0.876
	0.447
	0.732
	0.296
	0.7067
	0.8668
	14
	10

	N6K
	0.004
	0.457
	0.299
	0.613
	0.527
	0.3339
	0.4643
	4
	11

	N6L
	0.000
	0.000
	0.022
	0.000
	0.353
	0.0000
	1.0000
	11
	25

	N6M
	0.009
	0.234
	0.172
	0.012
	0.000
	0.0386
	0.7239
	25
	19

	N6N
	0.044
	0.004
	0.055
	0.020
	0.110
	0.0125
	0.9149
	19
	23

	N6P
	0.005
	0.084
	0.089
	0.072
	0.032
	0.0122
	0.7982
	22
	21

	N5V
	0.002
	0.815
	0.305
	0.813
	0.061
	0.3049
	0.3906
	20
	9

	N5W
	0.000
	0.515
	0.421
	0.608
	0.486
	0.7427
	0.1372
	8
	15

	N5X
	0.034
	0.288
	0.293
	0.390
	0.405
	0.2357
	0.3267
	10
	17

	N5Y
	0.001
	0.707
	0.461
	1.000
	0.268
	0.8250
	0.2760
	16
	2

	N5Z
	0.005
	0.539
	0.502
	0.736
	0.562
	0.7938
	0.4290
	3
	14

	N0K
	1.000
	0.749
	1.000
	0.632
	1.000
	
	
	1
	1

	N4S
	0.000
	1.000
	0.510
	0.715
	0.572
	
	
	2
	6

	N4T
	0.000
	0.110
	0.011
	0.082
	0.041
	
	
	21
	22

	N4V
	0.004
	0.027
	0.008
	0.030
	0.010
	
	
	23
	20

	N4X
	0.002
	0.266
	0.299
	0.181
	0.200
	
	
	18
	16

	N4Z
	0.000
	0.048
	0.000
	0.021
	0.009
	
	
	24
	24

	N5A
	0.134
	0.673
	0.384
	0.690
	0.494
	
	
	7
	8

	N5C
	0.092
	0.293
	0.275
	0.261
	0.249
	
	
	17
	18
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Figure 3: GIS Map of Standardized Average Infrastructure Vulnerability for the FSAs of London: (a) Without and (b) With Considering Impact of Critical Facilities and Road Bridges
6. Flood EXPOSURE Analysis

Flood exposure is another component of the flood risk. The indices of flood vulnerability, as discussed in previous section, do not include impacts on flood flow and river channel characteristics. The land use and soil permeability are two physical watershed characteristics which affect the flood flow (Sullivan et al., 2004), and are considered as the most important characteristics of flood exposure in the Upper Thames River watershed. To differentiate these two characteristics from flood vulnerability indicators, they are considered as flood exposures. This study only estimates a value of exposure for those FSAs within the municipality of London as per the availability of data.

The available land use data include seven different categories of use and DI values are assigned to each category: open space - 0.3, commercial - 0.8, residential - 0.8, parks and recreational - 0.2, government and institutional - 0.7, resource and industrial 0.8, and water body - 0.1. These values, while estimated by the research team, can be changed by decision-makers with more extensive knowledge on how different land use influences flood runoff characteristics. Area under each land use type is expressed as a fraction of the FSAs total area. Summation of the fraction of each type multiplied by its DI provides an exposure value representative of the land use for an FSA. Therefore, mathematically the flood exposure of land use for ith FSA is expressed as:
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Regions which are composed primarily of low permeable soil, are prone to a higher flood risk because the water requires a longer time to drain or infiltrate into the ground. Using a GIS dataset known as Surficial Geology of Southern Ontario, it was possible to spatially assess the soil permeability characteristics of the region. The data is available with different designations of permeability: low, low-medium, variable and high. A DI is assigned to each permeability category based on the ability of soil to infiltrate water, facilitate its transmission, and decrease flooding. DI values used in the present study are: low - 0.8, low-medium - 0.6, variable - 0.5 and high - 0.3. The flood exposure values of soil permeability (
[image: image15.wmf]Soil

i

E

) are computed following similar technique as expressed in Equation 6. 

The computed 
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 are standardized to [0, 1] using their corresponding maximum and minimum values. The standardized values of exposure for land use and soil permeability for FSAs of London are tabulated in columns 7 and 8 of Table 3.
7. WEB-BASED FLOOD INFORMATION SYSTEM
Providing a website for people to access flood risk information is an effective way of informing the public about the susceptibility to flooding that they may otherwise not be aware of. A website can serve as an information center and may provide analysis tools for interactive processing of available flood information. The web also provides the opportunity to tailor the presentation of the same information to different types of users according to their needs. The information system is user-friendly and the details can be found in Black et al. (2007). 
8. Conclusions

The present study analyzes flood risk and four types of vulnerabilities in the Upper Thames River basin. This flood risk information is provided uniquely to different users: general public, decision-makers, and water management professionals. A user-friendly web based information system is designed to systematically present all flood information. This system uses differential access to flood information based on the anticipated needs of each user type. There are some limitations in the analysis performed in this study. In the present flood information system all the components of exposure and vulnerability are not considered due to unavailability of data. The assignment of Degree of Importance (DI) for the calculation of impacts due to inundation of critical facilities, emergency service stations and road bridges across the river on vulnerability is dependent on preferences of decision-makers. In the present case study only two flood lines (representing flood hazard) are available, e.g., 100- and 250- years flood lines, which restrict the more detailed calculation of flood risk.
9. AcknowledgementS
The authors sincerely thank the Upper Thames River Conservation Authority, Statistics Canada, Canadian Homebuyers Guide, Serge A. Sawyer map library & the IDLS library at The University of Western Ontario for providing data used in this study. Work presented in this paper has been conducted under the research grant by the Natural Sciences and Engineering Research Council of Canada.
10. References
Black, J., Karmakar, S., and Simonovic, S.P. 2007. A web-based flood information system, Water Resources Research Report no. 056, Facility for Intelligent Decision Support, Department of Civil and Environmental Engineering, London, Ontario, Canada, ISBN: (Print) 978-0-7714-2660-5; (Online) 978-0-7714-2661-2.
Dilley, M., Chen, R.S., Deichmann, U., Lerner-Lam, A. L., Arnold, M., Agwe, J., Buys, P., Kjekstad, O., Lyon, B., and Yetman, G. 2005. Natural Disasters Hotspots: A Global Risk Analysis, Synthesis Report, The World Bank.

Hebb, A., and Mortsch, L. 2007. Floods: mapping vulnerability in the Upper Thames watershed under a changing climate, Project Report XI, University of Waterloo: 1-53.

Karmakar, S., Simonovic, S.P., Peck, A., and Black, J. 2008. A web-based information system for flood risk-vulnerability assessment, Natural Hazards Review (Pub: American Society of Civil Engineers, USA). [Under review]

Peck, A., Karmakar, S., and Simonovic, S.P. 2007. Physical, economical, infrastructural and social flood risk - vulnerability analyses in GIS, Water Resources Research Report no. 057, Facility for Intelligent Decision Support, Department of Civil and Environmental Engineering, London, Ontario, Canada, ISBN: (Print) 978-0-7714-2662-9; (Online) 978-0-7714-2663-6.

Rygel, L., O’Sullivan, D., and Yarnal, B. 2006. Method for constructing a social vulnerability index: An application to hurricane storm surges in a developed country, Mitigation and Adaptation Strategies for Global Change, 11: 741-764.

























































































































1
12
9

[image: image18.png]_1268487441.unknown

_1268498898.unknown

_1268498904.unknown

_1268498909.unknown

_1268499250.unknown

_1268488478.unknown

_1268498854.unknown

_1268498894.unknown

_1268488474.unknown

_1268487244.unknown

_1268487245.unknown

_1268474461.unknown

