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The use of evacuation and loss of life models to improve flood incident management in the UK
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Abstract: The Environment Agency, Local Authorities and emergency services in England and Wales face many challenges when managing the risk posed by the failure of flood defences and related infrastructure.  Until recently, there has been little research undertaken in the UK on evacuation modelling from the perspective of improving flood risk management and informing emergency management plans.  The modelling of a flood incident and associated evacuation processes can assist in identifying the potential risks to life under dam or flood defence breach scenarios; assessing the time people have to reach places of safety (“safe havens”); identifying potential escape bottlenecks; determining the impact of road closures due to flooding or intervention; and planning and prioritising evacuation routes and the location of safe havens.  This paper describes the application of a number of evacuation and loss of life models to two pilot areas within the Thames Estuary, Thamesmead and Canvey Island.  The paper concludes that the outputs from evacuation and loss of life models can help the Environment Agency, planners and the emergency services to improve their planning and response to major flood incidents.
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1. Introduction
The Environment Agency, Local Authorities and emergency services in England and Wales face many challenges when managing the risk posed by the failure of flood defences and related infrastructure.  Until recently, there has been little research undertaken in the UK on evacuation modelling from the perspective of improving flood risk management and informing emergency management plans.  The modelling of a flood incident and associated evacuation processes can assist in identifying the potential risks to life under dam or flood defence breach scenarios; assessing the time people have to reach places of safety (“safe havens”); identifying potential escape bottlenecks; determining the impact of road closures due to flooding or intervention; and planning and prioritising evacuation routes and safe havens.

The ability to model a range of evacuation scenarios can assist in the establishment of appropriate evacuation policies, strategies, and contingency plans and can help facilitate communication and information transfer.  This paper describes some of the research carried out under Task 17 of the European Commission seventh framework (FP7) research project FLOODsite.  This work included the application of a number of evacuation and loss of life models to two pilot areas within the Thames Estuary, Thamesmead and Canvey Island.  The locations of these pilot areas are shown in Figure 1. 
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Figure 1: Location of Thamesmead and Canvey Island in the Thames Estuary

2. Background to the pilot areas

Thamesmead is a "new town" constructed in the late 1960s in London on an area of marshland on the southern bank of the River Thames downstream of the Thames Barrier.  Most of Thamesmead is below the mean high tide water level in the Thames, hence the area is defended by flood embankments and walls.  These provide protection against the 1 in 1,000 year flood (Wigfall, 1997).  Thamesmead covers an area of approximately 12 km2 and data from the 2001 census indicates that it has a population of about 43,000 with a total of around 24,000 residential properties (Office for National Statistics, 2002).  Thamesmead has a relatively transient population.  It is thus likely that the general knowledge of the population relating to the possible flood risk to the area is poor.  
Canvey Island is an island in the Thames Estuary, covering an area of 18.5 km².  The mean high water mark of the Thames Estuary at Canvey Island is higher than most of Canvey Island’s land.  In 1953 the island was inundated by the “Great North Sea Flood”, which breached flood defences and resulted in the deaths of 58 people and the destruction of several thousand houses (Barsby, 1997).  It currently has a population of approximately 37,000 (Office for National Statistics, 2002).  Access to Canvey Island is currently only possible by two roads, both of which are connected to the same roundabout.  On Canvey Island, it has been estimated that 30% of properties are bungalows and 45% of flats are situated at ground floor level, there is thus a large risk to life and property with limited opportunities to temporarily move to a higher level (Kelman, 2002).  It is possible that a majority of the island would be inundated if a major storm surge occurred which led to major overtopping or breaching of defences.  Any disruption to these routes would severely hamper an evacuation.  The evacuation and loss of life models have been used to assess evacuation times and possible fatalities for a number of design flood events and breach scenarios of the flood defences for both Thamesmead and Canvey Island.  
3. Background to evacuation models
There are three main scales at which evacuation models are employed for flood incident management as follows:

· Micro – This corresponds to a scale where each individual receptor at risk (e.g. person, vehicle or property) is modelled and there is a detailed representation of the evacuation routes;

· Meso – The receptors are lumped together and the evacuation time is estimated by assessing the demand for and the capacity of the evacuation routes, on a geographical basis;

· Macro – The receptors are lumped together and the estimates of the evacuation times are based purely on the distance to the exit of the area at risk, the capacity of the route and the average evacuation speed.
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The distinction between micro, meso and macro scale evacuation models and the typical scales at which they are applied is shown in Figure 2.  The type of evacuation model that is appropriate for a particular flood risk area will depend on the level of risk and the processes which the evacuation modelling is seeking to inform.  A densely populated urban area where the scale of potential evacuation is large may require a detailed simulation model where the traffic and flood hazard is modelled in a truly dynamic way.  An understanding of the level of congestion delay that is inevitable under even the most effective traffic management schemes, and also the level of spontaneous evacuation that may occur in advance of an official evacuation warning are other issues that need addressing.  

Figure 2: Micro, meso and macro scale evacuation model with the suggested scale of their application

4. Background to loss of life models

Despite the global impacts of floods there are a limited number of methods to estimate the loss of life and the evacuation times for flood events.  Loss of life modelling can be performed at different levels of detail as follows:

· Macro level where one mortality rate is applied to the whole of the exposed population;

· Meso level where mortality rates are estimated for groups of people or specific zones;

· Micro level where the circumstances and behaviour of each individual is modelled to estimate each person’s probability of dying.

Until recently most of the loss of life models for floods were based on a statistical analysis of fatalities and injuries from historical events.  Recent research has focused on the detailed simulation of individuals combined with a dynamic representation of the floodwater.  To date the work done in the UK to assess the loss of life and evacuation times for flood risk areas has been limited to macro or meso level estimates.  The “Risk To People” model, developed as part of a Department for the Environment,   Food and Rural Affairs (Defra) research project, is the most commonly used tool in the UK to assess flood fatalities (Defra, 2005).  However, this meso-level method is based on an empirical, generalised model that does not use detailed information on each individual in its “broad scale” estimates of loss of life.  

To provide the most accurate assessment of loss of life and evacuation times an agent based model is required.  An agent-based model is a computational model that simulates the interactions of autonomous receptors with a view to assessing their effects on the system as a whole.  It can model the simultaneous interactions of multiple “agents” or receptors (in this case people and vehicles) with the floodwater, in an attempt to re-create and predict the actions of complex phenomena such as those that occur in flood emergency.

5. Application of a micro scale EVACUATION and loss of life model 

5.1 Introduction
A micro level evacuation and loss of life model was applied to the two pilot sites in the form of the BC Hydro Life Safety Model (LSM).  The LSM is a piece of beta software developed by BC Hydro in Canada that previously had only been used to carry out dam break risk assessments for small communities (e.g. less than 3,000 people) in Canada.  The LSM allows dynamic interaction between the receptors (e.g. people, vehicles and buildings) and the flood hazard.  The LSM requires a significant amount of data including: the location of individual properties, vehicles and people; flood depths and velocities from a two dimensional hydraulic model; details of the road network and other pathways.

The LSM models the “fate” of a set of receptors (e.g. people, vehicles) that are described by their position at each time step through the simulation.  Each receptor can have a set of properties that describes its normal location/condition during a week, such as travel times, school/work hours, and weekend activities.  Other time-varying properties include the ability of the object to withstand the effect of the flood wave, and how it would react to the approaching wave, with and without a formal evacuation warning.  The architecture of the LSM is shown in Figure 3.
The model uses a generalised event logic to determine the location of each receptor, whether it is aware of the flood wave, whether it is trying to reach a safe haven, what happens if it encounters the flood, and whether the object survives or not.  A loss function related to each receptor (e.g. people, buildings, vehicle) specifies the ability of an object to resist the impact from the flood wave, in terms of depth and velocity, and how these can change during an event.  There can be instantaneous loss when an individual encounters fast-flowing water, or a group which has sought safety in a building can suffer cumulative loss if the building collapses or a slow deterioration in health if they are exposed to the flood water for a significant length of time.  As a flood event evolves, the interaction of receptors with the flood wave will impact the ultimate loss of life.  The timing of the event and the decisions made by individuals can determine whether or not they can escape the flood wave.  As the flood progresses, escape routes can be eliminated by rising water, and with advancing time roads can become congested with evacuees.  
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Figure 3: High level architecture of the LSM
5.2 Validation of the micro model using the 1953 flood on Canvey Island
The LSM model was validated against the 1953 flood in Canvey Island.  The LSM model indicated that approximately 100 to 120 fatalities had occurred during the 1953 event.  This number is dependent on the “resilience factors” applied to both people and buildings.  The actual number of people that died in 1953 was 58.  The number of buildings destroyed during the event is unclear.  However, the anecdotal evidence available seems to be similar to the LSM model results.  Of the 13,000 people living on the island in 1953 the model indicated that there would be 119 fatalities, 48 the result of drowning and 71 as a result of exhaustion.  The LSM also indicated that some 2,300 would be “toppled” (i.e. knocked over) by the floodwater.  This figure can be used as a proxy for the number of injuries that are likely to occur.

5.3 Application of the micro model to Thamesmead
Having validated the LSM on Canvey Island it was also applied to Thamesmead.  Sixty different scenarios were modelled.  These included different rates of warning; numbers of road closures and safe havens.  For the 60 different scenarios modelled the number of fatalities varied from a minimum of 406 to a maximum of 2,378 people.  The average number of fatalities was found to be 1,296.  There are approximately 43,000 people that are exposed to the flooding in the Thamesmead embayment, so the LSM model indicates that on average about 3% of the exposed population will suffer fatalities.  Research by Jonkman indicates that the expected number of fatalities is usually between 0.7% and 1.3% of the exposed population (Jonkman, 2007).  However, in these cases many of the population have evacuated before the hazard occurred.  For Thamesmead the “worst case” of everybody being at home was assumed.  In the historical data collected by Jonkman many of the people had already been evacuated from the exposed area so it is expected that in the case of Thamesmead where it was assumed that no evacuation would occur prior to the flood event that the percentage of fatalities would be much higher.  The LSM indicated that the time required for 43,000 people to evacuate the Thamesmead embayment varied between approximately 5 and 8 hours, depending on the number of safe havens assumed and the capacity of the road network.  

6. Application of a meso scale model
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A meso scale evacuation model was developed.  This model takes account of the road network, considering the different kinds of road in terms of their capacity with respect to the number of vehicles/km/lane.  The road capacity was related with the actual vehicle’s velocity by means of the Greenshield linear speed-concentration formula.  A non-linear optimisation model was applied to the Thamesmead area.  The Thamesmead road network was represented by a series of branches and nodes.  Two safe havens were located in the network for each modelled scenario.  The location of these safe havens in the network was changed to assess the impact of their location on the evacuation time.  It is assumed in the model that all the people evacuate using their own vehicles.  Figure 4 shows an example of the meso scale evacuation model that was set up for Thamesmead.
Figure 4: Example of the meso scale evacuation model set up for Thamesmead
The model optimises the number of vehicles passing through each road segment, minimising the time that is needed for them to reach a safe haven.  The model also assesses which is the optimal safe haven for each vehicle.  The model utilises a “branch and bound” method.  This is a systematic method for solving optimisation problems.  The objective function is the function that is to be numerically optimised, which in this case is the total time for all the vehicles to reach the safe havens.  The meso-scale model was relatively simple to set up, and could be useful to assess vehicular evacuation from relatively large areas of low lying land (e.g. the proposed Thames Gateway development in the Thames Estuary).  The estimated evacuation time by vehicle varied from 4.7 hours to 11 hours depending on the location of the vehicles.  These results indicate to decision makers that if people are in resilient two storey buildings then the best option is for them to stay at home and move to the second floor if an unexpected breach has occurred.
7. Application of a macro scale model

A simple spreadsheet based approach was investigated that could be employed by local authorities at a macro-scale to make a quick overall estimate of the maximum time it could take to evacuate an area.  The spreadsheet based method requires the following data: number of vehicles and the distance of the vehicles from the exits. 

The spreadsheet based method is simple in nature.  It makes the following assumptions: everybody evacuates the area by car; there are no traffic jams; and all the vehicles are assumed to travel at a constant speed.  Results of the spreadsheet based approach indicated that evacuation times varied considerably, from 5 to 17 hours, depending on two main assumptions: the average speed of travel of vehicles and the capacity of the exits.  This compared with times of between around 5 and 8 hours that were estimated by the LSM model for similar scenarios.
8. Response of end users

A one day end user workshop was held in January 2008 to discuss the research that had been undertaken and its relevance to end users.  Twenty end users from the various organisations including the Environment Agency; the Coast Guard; Local authority emergency planners; and Government Resilience Forum members reviewed the results of the evacuation and loss of life modelling.  All the end users felt that the tools presented were useful in improving the formulation of emergency plans for flood event management.  The improvements to flood incident management could be made by using the results to identify safe havens and alert people in the at-risk area where to move before a flood event occurred and to inform emergency planning exercises.

9. conclusions

As a flood event evolves, the interaction of receptors with the flood wave will impact the ultimate loss of life.  The timing of the event and the decisions made by individuals can determine whether or not they can escape the flood wave.  As the flood progresses, escape routes can be eliminated by rising water, and with advancing time roads can become congested with evacuees.  At present in the UK, flood incident management and emergency plans take little or no account of the risks to life and evacuation times.  Given the age of flood defences and increasing flood levels as a result of climate change there is a need to assess these.
The outputs from evacuation and loss of life models can help the Environment Agency, planners and the emergency services to improve their planning and response to major flood incidents and that this will assist in reducing the probability of loss of life.  Although relatively time consuming to set up the BC Hydro LSM micro scale model provides the most useful results of the models developed and researched.  Not only can evacuation times be assessed for a number of emergency management interventions (e.g. road closures, safe havens) but the model also computes the injuries and loss of life.  Once the model has been set up, the LSM is relatively quick to make changes to the model to assess the impact of different interventions and management strategies. However, at this stage the LSM is not user friendly.  Other meso and macro scale models only provided first order of magnitude results in terms of the evacuation times.  These could be useful at the high level planning stage but are unlikely to be useful for detailed emergency planning.  The comparison of evacuation times varied considerably depending on the model used.  The BC Hydro LSM model yielded evacuation times of between approximately 5 and 8 hours for Thamesmead, whereas for a similar number and location of safe havens the simple spreadsheet estimated evacuation time varied from between 5 and 17 hours.  The LSM model also had the advantage of estimating loss of life and injuries which the meso and macro evacuation scale models do not.
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