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Abstract: Floods induced by either natural events or technical failures pose a significant hazard to downstream communities throughout the world, and vulnerability is increasing due to changing settlement and climate patterns. This work advances methods to identify, estimate and reduce risks imposed on downstream communities. Flood loss estimation and mitigation efforts can be undertaken at a number planning levels including: policy/regulatory; asset owner; local political and emergency response; and individuals who live, work and recreate in the community. The identification of methods and tools that aid in loss estimation and loss reduction requires analysis of the risk management concerns faced by the stakeholders at each level. This work assesses the suite of tools used by stakeholder groups such as asset owners and emergency planners to assess the value of loss reduction interventions. These interventions include: structural mitigation, road improvements, hardening of safe havens, proactive land use policies, enhancing flood defences, and community preparedness. It develops a framework to evaluate models that: a) address different questions related to human safety and b) can be used to evaluate the merits of mitigation strategies. No analysis has been undertaken that identifies the best approaches for addressing different planning questions, how best to adapt these models for accommodating and evaluating the effects of mitigation strategies, and how to judge whether the results are sufficiently accurate and robust. This work seeks to answer such questions and develops approaches that incorporate risk and reliability concepts to estimate the degree of confidence in the candidate loss reduction interventions developed using these models.
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1. Introduction
Floods induced by either natural events or technical failures pose a significant hazard to downstream communities throughout the world. The UN-WHO describes flood consequences in Europe as “the most common natural disaster in Europe, and, in terms of economic damages, the most costly one” (WHO 2002). From 1975 to 1994, floods were the most costly natural hazard in the United States in terms of deaths and dollar damage to property and crops (Mileti 1999). Community flood vulnerabilities are changing as communities below dams and along coastlines continue to grow in size (NOAA 1999). Development below dams is identified as the primary factor increasing dams hazard potential (Powers 2005). Concerns have also been raised about the increased number of high-hazard dams, the lack of emergency preparedness in case of failure, and a lack of public awareness (ASDSO 2006). 
In this paper, the term “catastrophic” is defined using terminology from the US Bureau of Reclamation (USBOR) and Munich Reinsurance. USBOR’s method for estimating dam failure fatalities defines three levels of severity: low, medium, and high (Graham 1999). A “medium severity” flood “causes the destruction of homes and businesses. Trees and some homes remain and these trees or rooftops may provide temporary refuge until the flooding recedes. Without warning, the fatality rates for dam failures caused by this type of flooding have ranged from a few percent up to about 25% or more.” Munich Reinsurance (2005) utilizes a seven point severity scale for ranking natural catastrophe events with “natural event” at the low end of the scale, and three types of catastrophe at the upper end. For this paper, “catastrophic” combines Graham’s definition of “medium and high severity floods” and the Munich Re’s 20-person loss-of-life breakpoint.
The timing of the arrival of a flood wave at a community at risk is also important. If a hazard has low detectability and is proximal to a community, then this could create a “rapid-onset” condition. This is the case, for example, in Western North America where the estimated arrival of a tsunami initiated by a Cascadia Subduction Zone earthquake is estimated to be between 30 and 45 minutes (Anderson and Gow 2004; Atwater et al. 2005). For technical hazards such as a levee or dam failure, a “rapid onset” event might occur as a seismically-induced sunny day failure or an undetected piping or overtopping event during a storm.
Examples of rapid-onset, catastrophic events include the Malpasset Dam failure of December 1959 in France, the St. Francis Dam failure of March 1928, and the 2004 Indian Ocean Tsunami. They share a common theme of low detectability, the rapid arrival of a highly destructive flood wave, the close proximity of a vulnerable population, and minimal warning and availability of safe havens. In these cases, horizontal evacuation to high ground was not feasible for many, raising the question of whether vertical evacuation and shelter in place should have been considered as mitigation alternatives.
2. Stakeholder Needs

A number of stakeholder groups, including national policy makers, provincial/state regulatory departments and emergency management agencies, regional/municipal governments, and local citizens and businesses, have interests in characterizing flood risks and assessing the value of alternative mitigation strategies. Utilities and insurers will also have strong interests. DEFRA describes five-levels of detail for dam safety analysis: scoping, ranking, detailed, comprehensive and full scope (DEFRA 2002). At the other end of the spectrum, planners responsible for emergency preparedness and response follow very detailed methods and procedures for assessing hazards and developing response plans.
Questions posed at the national level could include determining where the hazard magnitudes are sufficient to cause losses, whether there are communities at risk in those zones, where the losses could occur and their order of magnitude, what types of mitigation work can be undertaken now, and what type of preparedness and response resources can be put in place. As one moves from the macro scale of national, provincial and regional policy and planning towards the local scale, the questions become much more detailed and directed. Table 1 presents examples of the types of questions that could be asked. Columns 1-4 of the table provide the context for the question; the types of objects of interest; the types of measures or descriptive variables that could be defined or predicted for these objects; and the types of outcomes for each object, respectively. Column 5 conflates these elements into the typical planning questions asked by stakeholders. 

3. Conceptual Framework

Figure 1 provides a risk analysis framework for characterizing the community at risk, the hazard sources, and the outcomes once the disaster is initiated. Before flood onset, there are many possible initial states of nature that can be determined by natural and human activities. This set could be described using a logic tree with probabilities assigned to each state. Given one initial state of the community “A”, there may be a number of initiating events from within the dam/levee system, or from the natural system (e.g. earthquake) which lead to the initiation of the flood event. Analysis using a fault or event tree can be used to characterize the possible states and outcomes (failure, no failure). Given one event “B”, the inundation event and consequences can be modeled. The outcome “C” provides the estimated losses, which allows the probability of occurrence for scenario “ABC” to be estimated.  The collection of “C” outcomes can also be used as inputs to planning and mitigation work. 

Many interventions are available to the stakeholders including: repairs/improvements to the dam/levee posing the hazard, modifying the land use, installing detection and warning systems, hardening of safe havens and other defences, and evacuation planning. As shown in Figure 1, loss reduction interventions could be put in place at various stages (items M1, M2). These interventions will either halt progression along that part of the tree and reduce the estimated losses (see M1 and ‘X’), or offer new pathways that implement an emergency plan and reduce losses (see M2). Under these new interventions, reductions in estimated losses and improvements in evacuation effectiveness can be assessed. Through the use of models that describe the initial states and responses of the subsystems in Figure 1, it should be possible to answer the types of questions posed in Table 1.

Table 1 – Components of Emergency Planning and Preparedness Questions (Tsunami Example)
	Question Sub elements
	Typical Questions

	1

Themes
	2

People / Things
	3

Dimensions
	4

Outcomes
	5

(Combinations of Subelements)

	Hazard

Vulnerability

Risk

Mitigation

Preparedness

Response

Recovery
	Earthquake

Onshore wave

Person

Building

Vehicle

Debris
Safe Haven

Road, Bridge

Telephone
Power
	Location

Elevation

Time

Flow depth

Flow velocity

Distance

Time span

Magnitude

Intensity

Probability
	No effect

Injury

Damage

Loss

Reach safety

Rescue
Damage of Safe Haven

Ability to Use Safe Haven
	Where is the hazard most severe?

How many could people be killed?

How many could buildings be lost?

When would the roads be impassable?

Where are the most dangerous areas?

Where are the candidate safe havens?

Is evacuation feasible?
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Figure 1 – Conceptual Framework for Risk Analysis and Mitigations (after (Hartford and Baecher 2004))
4. A Review of Current Flood Loss Estimation/Loss Reduction Models
Various flood loss estimation and reduction methods have been developed over the last 25 years. The following models and methods were reviewed: DEFRA method (DEFRA 2003), Graham/USBOR method (Graham 1999), BC Hydro Life Safety Model (LSM) (Johnstone et al. 2005), HAZUS (FEMA 1999), LifeSim (Aboelata et al. 2005), TU Delft method (Asselman and Jonkman 2003), and Japan Tsunami Model (Katada et al. 2004). Most models include: area characteristics that help determine the presence of inhabitants, flood characteristics, a drowning relation, and an evacuation. The loss estimation methods combine a number of variables such as water depth, stream velocity, rate of rise characteristics, and evacuation time. The methods can be based upon empirical observations, or the underlying physics to predict the physical interactions of objects in water. Some models use both methods.

A comparison of these models is provided in Table 2. The first column lists model characteristics that were assessed. The remaining columns denote whether the model incorporates this capability in an explicit or implicit manner. Events including levee/dike and dam failures are addressed by most models. Tsunami events have only been addressed using two of the models. Most loss estimation methods consider direct losses in terms of human fatalities. Few models attempt to estimate indirect losses due to injuries or post-flood disease, and some convert the losses into an economic value. Most of the early models take an empirical approach in which losses are estimated using ordinal scale and lookup tables, while the newer models take a combined empirical-physical-simulation approach.

A number of physical measures of flood wave characteristics are utilized including depth, velocity, momentum, kinetic energy, and debris. The models work at different levels of detail (or scale), ranging from: macro-scale, in which the whole community might be abstracted to a single, non-spatial measure such as total population at risk, or at the micro-scale, in which collections of individual objects such as road segments and structures are instantiated??? in the model. The meso-scale / static models utilize implicit, ordinal, non-spatial representations of the flood wave, whereas the atomic/physical models utilize time-series versions of flood hydraulics which allows for explicit representation of the event at all locations within the hazard zone; however, this can increase the cost and complexity of the methodology. Regardless of the type of flood model used, the uncertainties associated with the hazard source (e.g. dam breach formation, characteristics of a tsunami-genic seismic event) can significantly compromise the correctness of the flood models.
It is unlikely that the early models can be extended to produce detailed loss estimates or emergency plans as described in Table 1. The emerging simulation-based models also face significant challenges. They can be expensive to set up and calibrate, and it is difficult to demonstrate that they produce estimates that are approximate (Hartford and Baecher 2004). There may be a middle ground that utilizes the practical strengths of first-order estimation and emergency planning methods with detailed flood loss estimation and evacuation functions. Together, the empirically and physically-based approaches may offer a sufficiently detailed and credible estimation method.

5. Proposed Enhancements

Given the questions posed in Table 1, the risk analysis framework in Figure 1, and the current state of models for estimating losses and assess interventions, it is possible to propose enhancements to the frameworks and methodologies. While the lineage of fault and event trees can be traced back to control systems and power plant safety, their use for flood risk analysis has focused more on the technical hazard source rather than the community at risk. This framework must be extended to incorporate interventions in a manner that respects underlying principles such as probability, set theory, and logic.

While output from risk analyses includes probabilistic loss tables, maps and FN curves, they are largely designed to communicate potential losses not potential benefits. There is a need to add methods that assess and communicate the merits of mitigation strategies in a manner that is understandable by the community planners and citizens at a more localized level. This will be especially important in cases where an organization recommends non-structural mitigation, such as evacuation, over a more costly structural option (i.e. do not repair the dam, but rather improve the monitoring and warning system). Two new measures, evacuability and shelterability, could be developed. These could be similar to temporal/spatial Measures of Effectiveness (MOE’s) being developed to assess evacuation operations (Han et al. 2007), and community performance measures being developed for other phases in the disaster cycle such as post-disaster recovery (Miles and Chang 2006).
The emerging simulation models show significant promise; however, the ability to develop emergency planning scenarios is currently limited. In addition, the model calibration and validation of results is a challenge. A two-tiered architecture is proposed in which micro-scale simulation-based models are overseen and guided by a meso-scale emergency planning model. The model would combine four-step regional transport evacuation planning methods with operations research methods to provide the ability to specify and calibrate emergency management scenario simulations.

Table 2 - Characterization and Comparison of Loss Estimation / Loss Reduction Models
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method

Graham 

Method

LSM HAZUS LifeSim TU Delft Tsunami 

Model 

(Japan)

Event Type

Dam p p p p

Dike p p p p p p

Tsunami p p

Storm Surge p p p

Losses

Fatality p p p p p p p

Injury p p p

Economic p p

Approach

Empirical p p p p p p p

Physical p p ?

Simulation p p

Flood Wave Hydraulics

Physics

Depth r p p r p p

Velocity r r ?

Momentum r p ?

Kinetic Energy

Rate of Rise p

Debris r

Time

Time-Series p p p

Static p p p p

Types of Objects

Person r r p r r r p

Group p p

Building r r p r r r p

Vehicle p p

Transport System p r r p p

Warning System p r r p

Scale

Macro p p

Meso p p p

Micro p p

Detail

Lumped p p p p p

Atomic p p

Geography

r r p p p p p

Model

p

 = Explicit.    

r

 = Implicit.    ? = Unable to assess.


6. Application to tsunami impact assessment on the west coast of canada    
The West Coast of North America is affected by tsunami generated from a number of source zones including the Aleutians, Japan, and South America. A notable hazard is posed by the nearby Cascadia Subduction Zone (CSZ), which can generate great (M8-9) earthquakes. Communities from Northern Vancouver Island in Canada, southwards to Mendocino County in Northern California, would be the first to feel the effects of the associated onshore waves (Clague et al. 2003; Atwater et al. 2005). Arrival times are estimated to be on the order of 30 minutes to 1 hour after the seismic event, with associated run-up heights on the order of 1 to 10 m. A CSZ tsunami combines a set of factors to create a truly catastrophic event: close proximity to the zone, the sequence of seismic damage to dwellings and lifelines followed by the relatively rapid arrival of a damaging wave, the infeasibility of agencies warning the public, and high demands on the road network. Priest provides an example of the possible consequences. “… if a Cascadia tsunami of 10-15m elevation struck the City of Seaside, Oregon during a peak visitation day, on the order of 35,000 people could be trapped at elevations below 10m” (Priest 2001).

After the events of December 2004, communities at risk along the outer coast of Vancouver Island requested assistance from the British Columbia Provincial Emergency Program (PEP-BC) to enhance their preparedness for a tsunami event. The Province in partnership with the Federal Government established the Tsunami Integrated Preparedness (TIP) program to: identify risks; develop enhanced response plans; upgrade communication and warning systems; install tsunami warning, evacuation and            safe haven signage; and support public education programs. A key element of this project was a need to predict the magnitude and consequences of a modern CSZ event. Estimates would be developed for flood wave arrival times, onshore run-ups and flow velocities. These in turn would be used to estimate losses and to help the emergency planners assess and modify preparedness and evacuation plans. The community at risk for this study was the District of Ucluelet, a community of approximately 2,100 local citizens, which more than doubles in size during the tourist season. The District sits on a peninsula with its western and southern limits facing the ocean, and its eastern edge forming part of a protected inlet. In the local native language, Ucluelet means “safe harbour”.
The analytical approach utilized a Geographic Information System (GIS), a flood wave propagation/run-up model provided by the University of Washington (TsunamiCLAW), and the BC Hydro LSM. A prototype of the four-step evacuation planning tool was developed. A risk analysis framework (similar to Figure 1) considered the CSZ hazard, community vulnerabilities, and emergency evacuation plans. It is interesting to note that establishing a model of the CSZ hazard was one of the greatest sources of uncertainty. The community was characterized using government demographic and infrastructure data available in GIS and database formats. These were combined to develop a virtual population model for various times of the day, week, and season. A key determinant of vulnerability was the seasonal tourist population. Using loss estimation methods provided with the LSM, hazard zones were developed to produce a vulnerability rating of the potential for damage to one story woodframe structures (see Figure 2). This provided a basis for determining priority evacuation zones. The community’s main mitigation strategy was to issue a warning using a siren, and evacuating the community to a single safe haven area in the centre of the peninsula. Based upon the new analysis, it was possible to expand the target safe haven area. 

A second planning issue was the problem of traffic demand and clearance timing. The estimated demand on the road network suggested that significant congestion would occur, and could lead to people being stranded in vehicles within the impact zone. Given Ucluelet’s unique geography, it was possible to recommend evacuation on foot. This option is probably not feasible for a number of other communities along the Canada-US coastline. The results were presented at a number of public information sessions in the form of maps of the hazard and vulnerabilities, and animations of the community evacuation and the progression of the wave through the community. Additional work on advanced visualization of this event is being done by the Spatial Interface Research Lab (SIRL) at Simon Fraser University.
Before this study was initiated, the community did not have a full understanding of the event timing, wave physics, hazard severity, human and building vulnerabilities, and potential losses. The community overestimated the hazard for certain zones, and could evacuate people who are not at risk. After completion of the work, the community had a better understanding of the hazard, a more feasible evacuation plan, and an idea as to which elements of the key lifelines would be damaged by the flood waves. Future research will build on this project to incorporate uncertainty and reliability-based concepts in the evacuation model, and to extend the evacuation planning module.


[image: image3]
Figure 2 - Map of Community Hazard Zones and Vulnerabilities
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Hazard Zones

Hazard Rating

1-High

2-Medium

3-Low

4-Green Zone

Buildings

!

Building

Roads & Trails

Arterial

Local

Lane

Footpath

Mean Sea Level

Mean Sea Level
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