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Abstract 
Emergency evacuation is one of the most important protective action alternatives 
when facing a natural or a man-made disaster.  The planning and implementation 
of a large-scale emergency evacuation is a difficult and complex problem that 
requires the interactions of many agencies and involves a large amount of 
information.  This article focuses on the latter and discusses the models that are 
normally used in the planning phase to evaluate this type of protective action 
alternatives and the information requirements for their implementation.  Although 
many advances have been achieved in this area, especially during the last few 
years, a considerable amount of work still remains incomplete.  Some of the 
important areas that need attention, such as improvements in the demographic 
models, integration of traffic simulation and threat evolution models, and real-
time information for the deployment phase, are also discussed in this paper. 
 
 
For any emergency, originated from either a natural disaster (e.g., hurricanes, 
floods, forest fires) or a man-made event (e.g., a release of a toxic gas to the 
atmosphere, a radiological accident at a nuclear plant), there are six basic 
aspects that need to be considered: prevention, preparedness, detection, 
protection, response, and recovery.   Different emergency management activities 
are associated with each one of these six aspects and many agencies at local, 
state, and federal levels cutting across several jurisdictions are generally 
involved.    
Specifically related to the preparedness, response, and recovery tasks, 
emergency evacuation is, perhaps, the most viable alternatives that can be 
undertaken in response to natural and man-made disasters involving large 
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geographic areas.   Other significant protective actions include sheltering in place 
and sheltering at public (government designated) facilities.  Depending on the 
type of event, these two protective actions (evacuation and sheltering) can be 
combined and integrated to achieve the maximum risk reduction of the threaten 
population.  In any case, sheltering always require the mobilization of the 
population either at the beginning (sheltering at a public facility) or at the end 
(evacuation of the area in which shelter-in-place has been implemented after the 
threat has passed) and therefore, in what follows, it will be included in the 
broader category of emergency evacuation.      
Emergency evacuation can be divided into two main phases: the planning phase, 
and the implementation phase.  The former is associated to the preparedness 
and the recovery tasks and, in general, focuses on the creation of evacuation 
plans for the area potentially at risk.  These planning activities involve the 
development and evaluation of various alternatives (all of them with strong traffic 
management components), and the identification of the best course of action to 
be implemented in case a regional evacuation is required.  That implementation 
phase, in which the selected alternative is deployed in the field, is associated 
with the response and recovery tasks. 
The type of event (threat) plays a very significant role in the planning and 
implementation of emergency evacuations, since it dictates what type of 
protective actions (e.g., vehicular evacuation only, sheltering of some areas and 
evacuation of others, etc.) are potentially feasible.   As important as the type of 
threat in the evaluation and implementation of an emergency evacuation are the 
characteristics of the transportation network of the area at risk (and beyond), as 
well as the distribution and reaction times of the population to be evacuated.  All 
this information is discussed in the next section.  Following that, the different 
models that are used in planning and evaluation of emergency evacuations are 
presented.  Those include not only traffic simulation models, but also pedestrian 
simulation and threat evolution models.  A discussion focusing on the integration 
of these models is also included in that section.  The requirements for 
implementation of the selected plan of action are presented in the following 
section, which is followed by a discussion on “no-advance notice” evacuations.  
The final section presents future research needs in this area. 

Overview of Relevant Information for Emergency Evacuation 
Modeling 
For the planning phase, the estimate of the time required for evacuation (i.e., the 
time associated with clearing the population in an area at risk to areas 
considered safe) as well as the spatial and temporal determination of traffic 
congested areas –which in turn affects the percentage of the population at risk 
during the evacuation; i.e., population clearance– are key variables in evaluating 
the effectiveness of evacuation as a protective action option.  The quantification 
of these decision variables requires the integration of traffic simulation models 
and demographic information models, and the location and availability of 
shelters, among others.  Traffic simulation models –which are traditionally used 
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in developing and assessing emergency evacuations– permit to combine the 
demand that the transportation network of the area at risk will be experiencing 
during the evacuation and recovery stages, with the capacity of that 
transportation network to determine how congestions patterns will evolve during 
both stages.   
Traditionally, when considering the type of problem described here, two 
geographic boundaries are customarily defined around the location of the event: 
1) the Immediate Response Zone (IRZ) and 2) the Protective Action Zone (PAZ).  
The IRZ is defined as an area where an effective and prompt response is critical 
in order to avoid the loss of human lives while the PAZ is an area slightly farther 
and removed from immediate danger but one that can be potentially threatened 
depending upon the type of disaster and weather conditions.  Beyond the PAZ, 
there is an area known as the Precautionary Zone or PZ, where no adverse 
effects may be expected for the population [1, 2].  The boundaries of the IRZ and 
PAZ are delineated by models that predict how the threat would evolve spatially, 
and these boundaries may be static or dynamic, depending on the type of threat.  
For all practical purposes, it is assumed that when reaching the PZ, the 
evacuating population is no longer at risk; therefore, the boundary of the PAZ 
delimits the transportation network that needs to be considered when assessing 
evacuation as a protective action alternative.  
When dealing with evacuation only, the intersection of the evacuation routes with 
the boundary of the PAZ define the exit points of the network, which from the 
modeling standpoint determine when a vehicle has been evacuated.  If sheltering 
is also considered, then there will be destination points (i.e., shelters) within the 
PAZ at which vehicles/passengers may be considered to have been evacuated.   
If due to the type of event there is a need to evacuate these shelters after the 
threat has passed, then a delayed evacuation for these places has to be 
considered and modeled.  Similarly, when considering sheltering in place as a 
protective action to be deployed in some areas within IRZ/PAZ, the effect would 
be a reduction in the demand of vehicles accessing the network at the beginning 
of the evacuation and depending on the threat, an increase in that demand at a 
later time. 
Demographic Model  
The determination of traffic demand estimates (i.e., the number of evacuees and 
evacuating vehicles by location) is a critical piece of information needed in 
assessing the feasibility of emergency evacuation and other protective action 
alternatives.  This traffic demand, which is a necessary input to determine 
evacuation times, is obtained from demographic data models.  To construct 
these models, it is possible to assume that during the interval of time between 
late-evening to early-morning hours the vast majority of an area's population is at 
its place of residence.  Therefore, the primary source of data on the study area's 
nighttime population is, in general, census information.  The spatial location of 
the daytime population is a far more difficult problem to solve, with no 
standardized procedures for generating estimates of at-work daytime 
populations.  The level of confidence in determining the location and number of 
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the daytime population is, therefore, much lower than that of the nighttime 
population.  These uncertainties could have a great impact in the evacuation 
evaluation and analysis tasks since evacuation time estimates, and the strategies 
to minimize those times, are very sensitive to the spatial distribution of the 
population at risk.   
Research is being conducted to minimize these demographic uncertainties.  One 
such effort is the LandScan USA effort which is part of the LandScan global 
population project sponsored by the Department of Defense [3, 4, 5].  The 
LandScan USA project focuses on the development of very high resolution 
population distributions (i.e., 3 second by 3 second, or 90m by 90m, cells) 
dataset for the entire United States. This population distribution grid is more 
spatially refined than the census block-level resolution, and includes spatial 
distributions for “residential nighttime population” as well as for “daytime 
population”, for every hour of the day.   
Besides the distribution of the population within the area potentially at risk, the 
reaction of the population to the order to evacuate also plays a very significant 
role in the viability of an emergency evacuation.  The emerging traffic congestion 
patterns that would be observed during the evacuation of the affected area (and 
in consequence the evacuation time of the population at risk) greatly depend on 
the dynamic characteristics of the demographic model.  Relatively small 
variations in departing times, intermediate stops, and final destinations can 
produce significant changes in congestion patterns and, hence, evacuation 
times.  Therefore, it is necessary to determine as accurately as possible these 
demographic dynamic characteristics.   
Some research has been conducted in this area to determine what is know as 
population mobilization curves or departing times, although much works needs to 
be addressed on this critical topic.  The work of Sorensen et al. [6, 7] has 
concentrated on the reaction times for release of toxic gases to the atmosphere, 
while others [8] have focused on hurricanes.   The mobilization curves greatly 
depend on the type of event. Therefore, each particular threat and even 
geographic area (due to, for example, population age distributions) has an 
associated mobilization curve that needs to be known with a sufficient degree of 
certainty in order to be able to predict evacuation times.    
Also related to the traffic demand generated in an emergency evacuation is the 
vehicle occupancy information.  This parameter depends of many factors, 
including the type of disaster, the location of the evacuating population (i.e., 
urban vs. rural areas), and the time of the day [9].        
Other relevant issues regarding the behavior of populations during emergency 
evacuations are related to the determination (and modeling) of intermediate 
stops before leaving the area at risk, the selection of the final destinations, and 
the relocation of the displaced population.   Intermediate stops, such as for 
example parents stopping at their children’s schools to gather them before 
leaving the area, can create unanticipated traffic flows that could greatly affect 
the evacuation times of the area at risk.  Moreover, and depending on the 
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geographic area under consideration, this may be an inward traffic flow (i.e., 
going towards the source of the threat), and can potentially impede or delay the 
movement of emergency vehicles.    The selection of the final destinations is also 
a critical piece of information which can greatly impact the modeling and results 
of emergency evacuation simulations.  Very little research exists on these topics. 
Network Topology, Capacity, and Geometry 
The characteristics defining the transportation network of the area at risk 
obviously play a critical role in the determination of the feasibility of an 
emergency evacuation.   While the demographic model provides the demand 
side of this problem, the capacity (in a broad sense) of the transportation network 
dictates whether or not there will be a reasonable interval of time available for the 
evacuation given that expected dynamic demand.   This “network capacity” 
relates mostly to the physical characteristics of the network (e.g., number of 
lanes, lane widths, type of traffic controller, ramp metering, slopes, etc.), but also 
to the performance of the vehicles (e.g., a truck cannot climb a very steep slope 
at the same speed of a car, thus reducing capacity of that particular roadways 
segment).   
As discussed previously, once the boundaries of the Emergency Planning Zones 
(EPZs) have been delineated and include the area potentially at risk, it is 
necessary to have an accurate and reasonably detailed representation of the 
highway network within these zones to estimate evacuation times and to develop 
evacuation plans.  The network data describes the topology of the roadway 
system and its characteristics, including geometry and channelization of traffic, 
traffic control devices, and other traffic parameters.   Some of this information 
(e.g., network topology and geometry) can be obtained reasonably easily from 
maps or GIS (Geographic Information Systems) databases.  The remaining 
information; that is, traffic control settings, speed limits, and other traffic 
parameters, has to be gathered from other sources and in general is not as 
readily available, at least not in the format that is required by the traffic simulation 
models used to develop and evaluate the evacuation plans.  In particular, the 
traffic control settings of actuated and semi-actuated controllers (the most 
commonly used traffic signal equipment in major arterials in the US) can be very 
demanding in terms of the parameters that define the operations of such devices.   
This information is necessary, at least to evaluate the “do-nothing” alternative 
(i.e., evacuation under regular network conditions and without any traffic 
management strategy deployed), which in some cases may become the de-facto 
deployed alternative.  Most of the delay in a network occurs at the intersections, 
and therefore those should be modeled as accurately as possible.  The problem 
of gathering all this information becomes more acute when one moves from a 
planning environment to assessments of emergency evacuations with no-
advance notice (see discussion below). 
There is also the issue of a constantly changing environment.  That is, it is safe 
to say that while these traffic parameters hardly vary over time (unless, for 
example, new land-use developments bring larger traffic demands), changes in 
the capacity of the roadway system are very likely.  Road or lane closures due to 
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construction and road maintenance are a common sight in urban and rural areas 
alike.  While this information has a relative low value during normal conditions 
(except, of course, for travelers), in case of an emergency evacuation it becomes 
crucial.  Traffic management strategies may depend heavily on the topology of 
the network; knowing which streets are unavailable or have a significant capacity 
reduction may be the difference between a successful strategy implementation 
and an aggravation of the problem.  Some research has been conducted in this 
area to try to take advantage of remote sensing technology to automatically 
detect changes in roadway capacities (e.g., lane closures) and to incorporate that 
information directly into traffic simulations models in an attempt to determine the 
currency and validity of evacuation plans [10, 11]. 
Threat Evolution  
Each type of threat, being either a consequence of a natural or a man-made 
disaster, has a particular temporal and spatial evolution.  These predictions are 
extremely important since they not only delineate the areas that would be most 
affected by the threat but also provide information regarding when that peak is 
likely to occur.   There are many models currently available that can provide 
information in this regard.   
Models such as ADMS 3 (Atmospheric Dispersion Modeling System) [12], 
AERMOD [13], PUFF-PLUME [14], and HPAC (Hazard Prediction & Assessment 
Capability) [15], among others permit to assess the atmospheric dispersion of 
vapors, particles, or liquid droplets from multiple sources and calculate 
concentrations of these gases spatially and temporally.  Many of these plume 
dispersion models accept arbitrary meteorological inputs going from simple 
surface wind speed and direction up to multi-dimensional grids containing wind 
and temperature information to account for dense gas effects and dynamic plume 
rise as well as time- and space-dependent boundary layers, and flow over 
complex terrain.   
For storm surges predictions for hurricane flooding there are many models 
available including SLOSH (Sea, Lake, and Overland Surges for Hurricanes) 
[16], ADCIRC (Advanced Circulation Model) [17], CEST (Coastal and Estuarine 
Storm Tide Model), and FVCOM (Finite-Volume Coastal Ocean Model) [18] 
among many others.  These models, together with existing hydrologic flood 
prediction models, fire propagation models, and tsunami propagation models 
provide analytical capabilities to assess and evaluate the potential consequences 
of these threats. 
Although at the present time there are no integrated models that combine threat 
evolution with traffic simulation, this is a necessary step in the evaluation of 
emergency evacuations and sheltering as protective action alternatives.  An 
integration of these threat evolution models and traffic simulation models is 
discussed below.   
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Real-time Information 
If vehicular evacuation (i.e., either the “do-nothing” alternative or an option that 
calls for the deployment of a traffic management strategy) is determined to be the 
optimal protective action for the conditions analyzed, a plan that implements the 
selected alternative must be deployed.  In that case, it is paramount to collect 
real-time traffic and road conditions, as well as weather information, to support 
the emergency evacuation operations decision-making process and to keep 
informed the evacuating population.  
The need for real-time information adds another (perhaps the biggest) layer of 
complexity to the problem at hand.  Intelligent Transportation Systems (ITS) are 
capable of delivering real-time information about traffic, and in some cases 
weather, but up to now the deployment of these systems has been sparse, at 
best, and concentrated only on major urban areas.  Emergency evacuation of 
areas outside these instrumented regions (i.e., most of the country) will have to 
proceed without real-time traffic information or using field staff reports produced 
by hand-held traffic counters, which, in general cannot provide complete and/or 
accurate coverage of the entire system.   
There is undergoing research [19] that is evaluating new technology, capable of 
generating travel times and other traffic information through fast-deployable 
sensors that can be set up in any area that requires evacuation and can provide 
real time traffic information on selected segments of roadways.  

Modeling Evacuations 
The first step in modeling an emergency evacuation consists in gathering the 
basic information described previously.  This includes the delineation of the IRZ 
and PAZ areas (usually done with the assistance of a threat evolution model); the 
creation of a demographic model detailing the spatial distribution of the 
population that can potentially be affected; and the gathering of information 
describing the geometric/operational characteristics and topology of the 
transportation network.   Combining these three data sources, a traffic simulation 
model of the area to be evacuated is usually developed and run, producing 
output that basically defines the location of each evacuating vehicle at given 
intervals of time.   
This modeling task takes place during the planning phase and a traffic simulation 
model is used to analyze different scenarios and courses of action.  Generally, a 
“do-nothing” alternative –i.e., evacuation without any traffic management strategy 
deployed– is compared against alternatives that basically increase the capacity 
of the evacuation routes –e.g., reverse-lane strategies, traffic signal strategies– 
and/or try to “smooth out” demand peaks –e.g., holding traffic at certain 
intersections while allowing traffic on the main evacuation route to go through.  If 
the event could be predicted before hand, other counter measures, such as 
building new or upgrading existing evacuation routes and other long-term 
strategies, can be modeled to assess their impact in reducing the expected time 
to evacuate (ETTE) the area at risk. 
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The traffic simulation model used has to be not only reasonably accurate, but 
also be able to simulate with high level of fidelity the different components of a 
transportation network (including traffic controllers, driver behavioral 
characteristics, vehicle performances, and many other aspects and elements).   
Very few of these traffic simulation models are specifically tailored to evaluate 
emergency evacuations providing specific outputs such as ETTE, clearance 
times (i.e., the percentage of the population that is still within the area at risk 
during the evacuation, and other measure of effectiveness that are specific of this 
type of problems).  Nevertheless, general purpose traffic simulation models (e.g., 
CORSIM [20], VISSIM [21], etc.) can also be adapted, although with some 
constraints, to model an emergency evacuation.  In general, these traffic 
simulation models deal with just a single mode of transportation (i.e., passenger 
cars) and in some cases are able to simulate public transit as well.  However, no 
multimodal models exist that can combine pedestrian and vehicular interactions.    
Traffic Simulation Models  
There are basically three types of traffic simulation models: 1) macroscopic, 2) 
mesoscopic, and 3) microscopic models.   If the model traces the vehicles’ 
movements implicitly and links (i.e., modeled segments of roadways) 
performances are expressed in an aggregated way, the simulation is defined as 
macroscopic.  If the model follows the vehicles’ movements explicitly, two cases 
are possible, depending on whether link performances are expressed in an 
aggregate or disaggregate way.  In the first case, the simulation is mesoscopic, 
otherwise it is microscopic.   
Due to the way in which vehicles are modeled and result statistics kept, the 
macroscopic models are the fastest (in terms of CPU time), followed by 
mesoscopic and microscopic models, in that order, for the same network and 
inputs.  The speed of execution is one of the main characteristic of a traffic 
simulation model.  In an ideal environment, the traffic simulation model should be 
run many times (i.e., many replications) to obtain probability distributions of the 
measures of effectiveness (MOEs) on which the decisions (e.g., whether to 
evacuate or shelter the population, which areas to evacuate or shelter, when to 
evacuate, etc.) will be made.  The modeling process is an iterative one, 
especially when the “best alternative” is sought, so it should be possible to run 
the necessary replications fast and then run the model again after adjustments 
are made based on the results of previous runs.     
Depending on the type of disaster being evaluated, emergency evacuations may 
involve the analysis of very large geographic areas, in many cases in the order of 
several thousand of square miles.  The modeling of different traffic management 
strategies under these conditions can be very taxing in terms of computer run 
time, even with today’s fast computers.  Particularly when using microscopic 
simulation models for the evaluation of these alternatives with the additional 
requirement of running many replications (to obtain statistically significant 
comparisons of alternatives), the speed of computation problem is aggravated.   
In fact, the fine granularity that microscopic traffic simulation models provide is 
not necessary, at least during the planning phase, except to simulate some 
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detailed and localized traffic management strategies, such as for example the 
optimization of traffic controllers along an arterial within the area at risk.   
Depending on the type of event being analyzed, macro-simulation models that 
can run very fast permitting the rapid modeling and evaluation of different 
strategies are more appropriate. 
One such macro simulation model is the Oak Ridge Evacuation Modeling System 
(OREMS) which is based on the FHWA TRAF family simulation models and was 
developed for the Federal Emergency Management Agency (FEMA) and the 
U.S. Army under the Chemical Stockpile Emergency Preparedness Program 
(CSEPP).  This traffic simulation model was specifically developed to analyze 
large-scale emergency evacuations, permitting to experiment with alternate 
routes, destinations, traffic control and management strategies, and evacuee 
response rates.  For any scenario, it is possible to identify evacuation or 
clearance times, traffic operational characteristics, such as average evacuation 
speed, bottlenecks, and other information necessary to develop effective 
evacuation plans, at any spatial level of aggregation from a single segment of 
freeway to the entire evacuating area [22]. 
Whether a microscopic or a macroscopic simulation model is used, validation of 
that model is extremely important, but difficult, particularly for emergency 
evacuations since these are very rare events.  Nevertheless, the models should 
be calibrated and validated, at least using normal traffic conditions to roughly 
determine the level of accuracy that can be expected in modeling an emergency 
evacuation of the area potentially at risk. 
Trip Distribution and Traffic Assignment Model 
In general, before running the traffic simulation model, it is necessary to know 
where the demand will be generated during an evacuation, and equally or even 
more importantly, where these travelers will go.  In many cases when modeling 
an emergency evacuation, the former can be determined with an accuracy that is 
proportional to the effort invested in creating the demographic models described 
previously.  The latter, however, is more difficult to obtain, but can be derived by 
using so called trip distribution models.  Those, in general, are simplistic models 
and may not address the issue of intermediate destinations (and dwelling times 
at these locations) discussed before.    
The other set of models that are used in conjunction with traffic simulation 
models are traffic assignment models.  These models basically “map” on the 
transportation network the paths that will be followed by vehicles that want to 
reach a given destination when departing from a given origin at a given time.  
There are many traffic assignment models, but the most common are static and 
dynamic traffic assignments (STA am DTA).   In the planning mode, as well as in 
the operation model, DTA should be used only if it is possible to assume that 1) 
there will be a way of determining traffic conditions on the transportation network 
in real-time, and 2) it is possible to convey information to the traveling population.  
If any one of these assumptions does not hold, then using a DTA model will 
produce more optimistic results (i.e., less congested network and therefore 
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smaller ETTE) that it would be expected in a real evacuation of the same area 
that is being modeled (assuming that the demographic and transportation 
network models are reasonably correct).  This is because DTA models will find 
“excess” capacity in the network (i.e., less congested paths between an origin 
and destination) and re-route some of the demand through these paths.  This will 
only be reproduced in an actual evacuation if there is a way to obtain real-time 
traffic information (to know the status of the network and to be able to predict 
how the congestion patterns would evolve) and if it is also possible to inform the 
driving population of the availability of these less congested paths.  
There is however, a case where even without real-time traffic information and/or 
a way of conveying information to travelers it would be reasonable (an in fact 
desirable) to use DTA.   A dynamic traffic assignment model can be assumed to 
hold in a localized area, such as for example the trip from home or work to the 
nearest freeway on-ramp.  This is because in this case, due to his/her familiarity 
with the network, it is possible to assume that the traveler can react to congested 
roads by selecting other paths that will take that traveler from the origin (home or 
office) to the destination (nearest freeway on-ramp) of this leg of the trip.    
Beyond that, some other traffic assignment model should be used, where the 
main assumption is that the driver only has a limited number of routes (i.e., a 
limited knowledge and familiarity with the transportation network) from which 
he/she can choose. 
Multimodal Evacuations 
The models described previously assume, in general, that in an emergency 
evacuation the population would evacuate the area traveling on a vehicle from 
origin to destination.  This is clearly not the case in many instances, particularly 
those cases that involve events in downtown areas of large cities.  New trends in 
the revitalization of downtown areas across the nation have produced 
development configurations which purposely induce pedestrian movements.   
Shopping and other services areas, and more importantly, large sport venues 
have been built in these downtown districts without their own parking facilities to 
compel visitors to walk around the area.   Instead, distributed parking facilities, 
which during the working hours service offices, are used during the evenings by 
downtown visitors and also during sport events.  The distributed parking facilities 
across downtown for patrons of these venues could generate significant levels of 
traffic congestion due to heavy pedestrian volumes in the area if evacuation is 
required.   
This presents a difficult modeling problem that the traffic simulation models 
described before cannot solve because they are designed to handle just 
vehicular movements.  There are many pedestrian simulation models available 
that have been developed over many years with empirical studies going back 
almost five decades.  Those early studies resulted in guidelines to design 
facilities that are efficient, safe, and aesthetically pleasant to be used by 
pedestrian [23, 24].  Models that simulate the behavior of large crowds are 
regularly used to study and evaluate practical solutions in terms of both crowd 
safety and emergency evacuation when designing large buildings and other 
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structures.  Pedestrian movement models exist to simulate the flow of large 
crowds, and are used to assess evacuation strategies for sites with multiple 
buildings and to study large-scale evacuations from buildings, offices, and sports 
venues.   
Those sophisticated models can be used for the planning of evacuation in areas 
with very high pedestrian densities likely to be created, for example, by 
spectators evacuating large sport venues in these newly redesigned downtown 
areas.  However, they cannot model the pedestrian-vehicle conflicts that would 
naturally arise when evacuating pedestrians try to reach the scattered parking 
lots to access their vehicles and leave the area.  These pedestrian models can 
also be used for the analysis of particular threats such as tsunamis where the 
more efficient course of action is a vertical evacuation; that is, the access to 
shelters that are high above ground level such that the at risk population can 
quickly reach a safe a safe area and be out of harm from the threat.    
In many cases, there it is necessary to use public transportation to move people 
out of the area1, especially those parked in the vicinity of the venue with a sport 
event in progress.  The use of public transportation and its interaction with 
pedestrian flows is also important for the evacuation of special populations such 
as the elderly and the poor who may not have accessibility to any other means of 
transportation to evacuate the area at risk. 
All these cases require multi-modal simulation models to study the different 
protective action alternatives.   There are very few studies dealing with 
multimodal issues in emergency evacuations, and even fewer studying the 
complex interrelationships between vehicles and pedestrians.  In one such study, 
these interactions as well as behavior that is unique to parking lots are 
implemented in a model that can simulate of the evacuation of large parking lots 
[25].       
Integration of Threat and Evacuation Models 
When modeling and evaluating vehicular evacuations as a protective action 
alternative, the ETTE (in conjunction with clearance information) is the decision 
variable that is used to determine the merits of a proposed evacuation plan and 
any traffic management strategy.  The ETTE is the predominant decision variable 
when studying evacuations due to natural disasters such as hurricanes and 
forest fires, since in these cases there is enough advance notice such that it is 
feasible for the evacuating population to clear the area at risk before the threat 
arrives.  That is, in these cases the ETTE provides an estimation of when the 
mobilization should start given the predicted time of arrival of the threat.    
In other cases, particularly for man-made disasters such as the release of a toxic 
gas to the atmosphere, ETTE may not be the correct decision variable.  The 
reason for this is that in these instances, because of the short reaction time 
available to clear the area at risk, it is likely that the threat could become in 
                                                 
1 Under certain weapons of mass destruction scenarios producing an intense electromagnetic pulse, the sophisticated computerized components of 
today’s vehicles may be damaged rendering those vehicles un-drivable.  As a consequence, streets may be blocked by many stopped vehicles; in 
that case it would be more efficient to clear few roads and use buses from outside the area to evacuate the affected population. 
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contact with the evacuating population.   Therefore, a more appropriated decision 
variable to assess protective action alternatives for these cases is the number of 
affected people that will suffer consequences –i.e., expected fatalities (EF) and 
expected number of people with permanent disabilities (ED)–  if that particular 
alternative is deployed.  (Note: in both cases, other decision variables, such as 
deployment costs are also considered, but in general those variables play a 
secondary role). 
At the present time there are no models that integrate both traffic simulation and 
plume dispersion models to evaluate evacuation plans for this type of scenarios, 
which after 9/11 have become more likely to occur.  Analyzing those scenarios 
using the traditional ETTE computation approach could result in a decision 
process that may select the wrong protective action strategies, which, if 
implemented, could result in the loss of many lives.  However, an integration of 
these two types of models (plume dispersion and traffic simulation) is a 
reasonably simple task which could significantly improve the current decision 
making process for these type of problems.  A brief description of how this task 
could be accomplished is given below. 
Traffic Simulation and Threat Evolution Model Integration:   From the previous 
discussions about traffic simulation models, it is obvious that those models do not 
provide a direct way of quantifying the outcomes of different alternatives in terms 
of EF and ED.  However, they supply important and intermediate information, 
such as temporal and spatial distribution of the evacuating population, which can 
be used to estimate these variables.  That is, the traffic information can be 
combined with threat evolution models (i.e., plume dispersion models in this 
scenario) to obtain probability distributions of EF and ED for each alternative 
analyzed, thus allowing the evaluation of the different strategies and ultimately, 
with the intervention of a relevant decision maker, the selection of the “best one”.  
Notice that unless an alternative stochastically dominate all the others, there is 
no quantitative methodology (other than naïve approaches such as using the 
averages of the distributions) to select the “best” strategy without the intervention 
of some relevant decision maker who could evaluate, explicitly or implicitly, trade-
offs among the distribution of the different outcomes of the alternatives being 
analyzed. 
The plume dispersion models produce temporal and spatial distributions of the 
concentrations of the released agent, based on topography and predicted 
weather conditions.  Due to the fact that weather conditions are not known with 
certainty (for example, at any given time there is a certain probability p1 that the 
wind will blow from sector –i.e.., direction– s1, a probability p2 that it will blow from 

sector s2, ……a probability pn that it will blow from sector sn, with  = 1), the 

concentration distributions of the released agent are stochastic.  That is, each 
concentration distribution (in time and space) will have a certain probability of 
occurrence attached to it.  These concentration distributions can be overlaid, 
both spatially and temporally, on a map of the area affected, which translates into 
information about the dynamics of the concentration of the agent on each link or 
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roadway segment of the transportation network and on each point where there is 
population. 
With information about the network topology and attributes, as well as the 
demographic model completed, a traffic simulation model can be created and 
run, first for a “do-nothing alternative” (i.e., the network as it is, without any traffic 
management alternative deployed) and then with different strategies deployed.  
The output of any of these alternatives consists basically on a list of travel times 
on each of the network links and the number of vehicles that enter, are on, and 
exit the link at fixed intervals of time (as low as 1 second intervals for some traffic 
simulation models).  Moreover, since at the start of the evacuation the total 
number of vehicles at each network entry point within the affected area is known 
(from the demographic model), the outputs also provide information about the 
spatial distribution of the “not-yet” departed population by time.  By merging this 
information with the distribution of the concentration of the agent it is possible to 
compute the dosage that the passengers of each vehicle are likely to accumulate 
from the moment the evacuation starts until that vehicle crosses the PAZ.  The 
accumulated dosages then translate into number of expected fatalities EF and 
permanent disabilities ED, with a certain probability of occurrence.  This 
probability is the results from combining (through the simulation and integration 
of the results from both models) the probability of observing the particular 
concentration that gave rise to the observed dosages and probability distributions 
of the outputs of the traffic simulation model if many replications are considered.  
Repeating this computational process for all the possible concentration 
distributions (i.e., n distributions and each replication r), it is possible to construct 
probability distributions of EF and ED for the particular alternative being 
analyzed.   
Figures 1 to 4 illustrate this process.  The first figure presents a map of an 
affected area, where the location of the event is shown as a two-color circle 
located on the north-central part of that map.  Given a scenario i (let’s say, 
certain weather conditions that can occur with probability pi), the evolution of the 
plume is represented spatially and temporally in Figure 1 by superimposing on 
the map snapshots of the plume at constant intervals of time, with different levels 
of concentration represented by areas of different colors within the profile of the 
plume.  The white circle southwest of the event shows an urban area that could 
be affected and where some protective action (e.g., evacuation) may need to be 
taken.  To analyze the evacuation of that urban area, it is necessary to generate 
a demographic model and a transportation network model, which are inputs to 
the traffic simulation model.  In turn, the outputs of the latter are combined with 
the plume dispersion model information to obtain a dosage distribution similar to 
the one shown in Figure 2, which would produce estimates of EFi and EDj based 
on the type of agent, and would be assigned a probability pi of being observed, 
for replication rm (for simplicity reasons in presenting these graphs, these 
computations are based on just one replication of the traffic simulation model).   
The particular scenario shown in Figure 1 is not a deterministic one —i.e., pi is 
greater than 0 but less than 1—, and therefore there are other scenarios, such as 
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scenario j for example, that are also likely to be observed (see Figure 3).  The 
dosage distribution for scenario j is represented in Figure 4; with the 
characteristics of the agent, estimates EFj and EDj can be determined from that 
dosage profile, and these estimates would be observed with probability pj (i.e., 
the probability of occurrence of scenario j).  Repeating this procedure for all 
possible scenarios, a probability distribution of EF and ED can be constructed, 
which would represent the outcomes of the alternative under consideration (in 
this case, the “do-nothing alternative”; or in other words, evacuate under day-to-
day network operation conditions). 
Figure 4 also shows that the exposure of the population to the agent under 
scenario j is larger than that of scenario i.  Of course, this dosage profile also 
depends on the type traffic management strategy deployed.  So, if Figure 4 
represents the dosage profile for scenario j under a “do-nothing” evacuation 
strategy, a “reverse-lane” strategy may change that profile to one that could be 
closer to that of Figure 2, if for example the evacuation time under this new 
strategy is reduced enough so that the population is outside the dangerous area 
before the plume reaches it.   

Evacuation Operations 
Independently of the methodology used to determine the feasibility of an 
emergency evacuation as a protective action alternative, if the threat under 
analysis materializes then the planned strategies (for example, the 
arterials/freeway segments that would operate in a reverse-lane fashion, the 
intersections that would be controlled by security personnel, etc.) have to be 
implemented.  Even with the best tool to evaluate every possible traffic strategy 
and to create an efficient evacuation plan, it is not possible to anticipate what will 
actually happen during the evacuation.  Because of this, it is necessary to collect, 
in real-time, traffic and road condition information to support the emergency 
evacuation operations decision-making process and to keep informed the 
evacuating population.   
During an emergency evacuation, continuous information on traffic conditions 
must be collected in order to assess the progress of the evacuation and to 
optimize evacuation operations to ensure the safety of the population.  Where 
deployed, Intelligent Transportation Systems can provide real-time traffic 
information.  However, the coverage of this type of infrastructure is mostly 
restricted to large metropolitan areas, and in the majority of these cases only on 
freeways, with just a few urban areas having also arterial coverage.  As 
mentioned previously, research is being conducted to provide real-time traffic 
information where there is no infrastructure deployed. 
In order to evaluate how the evacuation plan is performing, the traffic simulation 
models used to develop the deployed traffic management strategies must be 
able to accept real-time information from the field.  Where the traffic is flowing 
normally, this real-time information is compared to the traffic conditions obtained 
from the traffic simulation to determine if the evacuation plan is proceeding 
according to predictions.   If the evacuation is not proceeding as planned –e.g., 
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the evacuation time under current conditions will be longer than predicted–, and 
there is a risk that bad weather, or any other conditions related to the disaster 
that triggered the evacuation may endanger the life of travelers or state officials 
in the field (e.g., highway patrolmen, DOT personnel, etc), then the traffic 
simulation model can be used to analyze and evaluate new traffic strategies.  An 
example of such strategy is traffic re-routing in an attempt to expedite the 
evacuation.  The same approach is used when an incident is detected.   If the 
evolution of the threat has to be taken into consideration, then the complexity of 
the operations increases significantly.  
Obviously, to implement these new strategies it is necessary to provide 
information to the public in the areas affected.  This is a difficult task since at the 
present time it is almost impossible to communicate detailed routing instructions 
to a large pool of drivers as it would be required to adapt new traffic management 
strategies in real time.  New technologies such as those proposed under the US 
DOT VII (Vehicle-Infrastructure Integration) Initiative will one day make possible 
no only to get field information in real time, but also to communicate instructions 
to drivers in a hazardous area.  In the meantime, one of the few options to deploy 
on-the-fly re-routing strategies on the field is to manually control the traffic at key 
intersections.  

No-advance Notice Evacuations 
There are many situations in which it is possible to plan in advance for an 
emergency evacuation.  Those scenarios include, for example, an explosion at a 
chemical processing facility or a radiological accident at a nuclear plant.  In these 
cases, if an accident or a terrorist attack were to happen, then the best 
evacuation plan for the prevailing network and weather conditions would be 
deployed.  As discussed previously, during the deployment or implementation 
phase, traffic conditions, collected in real-time, would provide feed-back 
information to some command and control center to permit assessing whether 
operations are proceeding as planned or if changes are needed to assure the 
safety of the evacuating public.  Ideally, these evacuation plans, as well as other 
protective action measures, are developed ahead of time in preparation for such 
an event.  As a result of these plans, long-term improvements to the 
transportation network may be undertaken to maximize the safety of the 
population.  These types of situations, are mainly characterized by the static 
nature of the potential source of the disaster (i.e., the facilities where an accident 
or an attack could happen are at fixed locations), or by the predictability of the 
threat (e.g., coast areas subject to hurricanes). 
In other instances –for example, the derailment of a train transporting hazardous 
materials–, there may not be any previously developed plan to be implemented 
and decisions must be made ad-hoc on if and how to identify and proceed with 
the best course of action to minimize losses.  Those scenarios have two 
characteristics that make the analysis particularly difficult.  The first one is related 
to the location of the event, which, by its very nature, does not have a particular 
location and it can happen anywhere in the nation.  The second characteristic is 
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that the type of event requires any mitigating strategy to be deployed within a 
very short window of time after the event has been identified.  These two 
characteristics impose a heavy tax on any analytical tool used to support the 
decision making process, since the tool has to be able generate outcomes of all 
the possible strategies with a very short notice and with no advance groundwork.   
Research has been conducted in this area [27, 28] to develop a prototype 
decision tool that can provide with a very short notice the inputs –both the 
demographic and the transportation network models– for the traffic simulation 
model.  After the IRZ and PAZ have been identified either by the user of the tool 
or by a threat evolution model, a network creation module generates, in real time 
and almost without human intervention2, the topology and attributes of the 
transportation network for those cases in which this information cannot be 
extracted from existing databases.  The network capacity attributes, particularly 
the traffic control settings are generated using stochastic models that are based 
on information collected by the US DOT Federal Highway Administration.  At the 
same time that the transportation network is being generated, a demographic 
model of the population within the at-risk area is built using information derived 
from LandScan USA for the region surrounding the event.  This information 
consists not only of the spatial distribution and size of the population to be 
evacuated, but also of what is known as mobilization curves.  

Conclusions and Research Needs 
The evacuation of large populations due to either natural o man made disasters 
is a very complex problem involving many different issues, both technical and 
institutional/jurisdictional.  This paper concentrated on the former and discussed 
the critical components that are necessary to plan for and implement a large-
scale vehicular evacuation.   
Two basic models are required to determine the feasibility of evacuation as a 
protective action alternative: a demographic and a transportation network 
models.  The demographic model covers many aspects of the population within 
the potential area at risk, including its spatial distribution, reaction times (or 
mobilization times), selection of intermediate and destination points, and other 
information.  All this provides the demand side of this problem; the capacity side 
involves the information about the transportation network, including geometry, 
topology, traffic signal settings, and other traffic parameters.  As discussed here, 
at the present time only a subset of scenarios can be modeled with reasonable 
accuracy, and although this field of research has received considerable attention 
after 9/11, much remains to be done.    
The spatial distribution of the population during the daytime is still an issue that 
needs to be resolved, although substantial research is being conducted in this 
area.  Mobilization times (or reaction time) of the affected population strongly 
depend on the type of disaster being analyzed and are only known, with certain 

                                                 
2  Some human intervention is always required to resolve some inconsistencies and connectivity issues in the 
transportation network.  
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accuracy, for very few of them.  Little is known about the selection of destinations 
and intermediate stops during an evacuation and the relationship, from a 
behavioral point of view, of these choices to the type of event.  The congestion 
patterns that would develop during an evacuation are tightly related to this 
demographic information making it crucial for the analysis of these problems. 
Work is also required in relationship to the capacity side of the problem; that is, 
the definition of the characteristics of the transportation network.  The 
determination of these characteristics is a lengthy process and one that does not 
end once the evacuation plans have been developed.  Those plans are intimately 
related to the topology (i.e., connectivity) and capacity (e.g., number of lanes on 
each roadway segment, traffic control settings, etc.) of the transportation network 
and require constant update if they are going to be useful when needed.  Some 
research is being conducted in this area to simplify both the creation and update 
process of the transportation network information, but there are areas that need 
further research, especially those related to the gathering of relevant traffic 
parameter information that cannot be found on GIS databases or determined 
through remote sensing technology (e.g., information about traffic control 
settings).   
Once all the relevant information has been gathered, the evaluation of the 
proposed alternatives and traffic management strategies to be deployed during 
an evacuation require the usage of a simulation model.  Traffic simulation 
software has been available for many decades now to analyze general (i.e., day-
to-day) traffic operation problems.  Even before 9/11, some of these models 
(e.g., OREMS) have been specifically adapted to study and evaluate vehicular 
evacuations, and after 2001 other general purpose traffic simulation models have 
been used for the analysis of these types of problems. 
Many issues still remain to be addressed in this area.  One of the most important 
one is related to the modeling of multi-modal evacuations, including not only 
transit but also pedestrian flow modeling and the interactions between 
pedestrians and vehicles that can arise under certain scenarios (e.g., evacuation 
sport venues located in downtown areas).  The validation of these new models, 
and even the existing ones, for their use in assessing emergency evacuations is 
also a task that remains mostly unfinished. 
Although, threat evolution models are somehow used in the modeling process (at 
least to determine the EPZs), the integration of these models and traffic 
simulation models is necessary to correctly evaluate alternatives under some 
scenarios.  The typical decision variable to assess emergency evacuation plans 
(i.e., ETTE) may not be the correct measure to analyze certain problems, since 
there may be certain cases in which alternatives with shorter ETTE may have 
larger expected casualties that other ones with higher ETTE.     
All these issues are related to the planning phase of emergency evacuations.  If 
the evacuation plans need to be deployed, then real-time traffic information 
needs to be collected to determine if the evacuation is proceeding according to 
plan or any changes are required.  If changes are needed (almost a certainty), 
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then availability of real-time information distribution is also required.  Some 
efforts are underway to provide this type of capabilities until systems such as the 
ones proposed under the VII initiative are fully deployed. 

References 
[1] Franzese, O. and L. Han.  Using Traffic Simulation for Emergency and 
Disaster Evacuation Planning.  Presented at the 81st Annual Meeting of the 
Transportation Research Board, Washington, January 2002. 
[2] Franzese, O. and L. Han.  A Methodology for the Assessment of Traffic 
Management Strategies for Large-Scale Emergency Evacuations.  Proceedings 
of the 11th Annual Meeting of ITS America, Miami, FL, 2001. 
[3] Dobson J., E. Bright, P. Coleman, R. Durfee, and B. Worley,  2000. 
LandScan: A Global Population Database for Estimating Populations at Risk. 
Photogrammetric Engineering & Remote Sensing. 66 (7) 849–857. 
[4] Dobson J., E. Bright, P. Coleman, and B. Bhaduri, 2003.  LandScan2000: A 
New Global Population Geography, Remotely-Sensed Cities. Taylor and Francis. 
267 279. 
[5] Bhaduri B., E. Bright, P. Coleman, and J. Dobson, 2002.  LandScan: Locating 
People is What Matters. Geoinformatics. 5 (2) 34-37. 
[6] Sorensen, J. H., 1991. When shall we leave? Factors affecting the timing of 
evacuation departures. International Journal of Mass Emergencies and 
Disasters. 9(2): 153-165. 
[7] Rogers, G. O., and Sorensen , J. H., 1988.  Diffusion of Emergency Warning, 
The Environmental Professional, Vol. 10, pp.281-94. 
[8] Baker, E., 1991.  Hurricane Evacuation Behavior, International Journal of 
[9] Mass Emergencies and Disasters, Vol. 9, No. 2, pp. 287-310. 
[10] Davis, S., and S. Diegel. 2007.  Transportation Energy Data Book: Edition 
26, ORNL-6978, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831. 
[11] Franzese, O. and D. Xiong, 2001. Maintaining Large-Scale Emergency 
Evacuation Traffic Networks Using Remote Sensing and GIS, Presented at the 
GIS-T 2001 Conference, Virginia, April 2001. 
[12] Franzese, O. and D. Xiong, 2001.  Emergency Evacuation Plans and 
Remote Sensing Information: A Demonstration Project for the Sequoyah Nuclear 
Plant in Hamilton Co., TN.  Oak Ridge National Laboratory. 
[13] Carruthers, D., R. Holroyd, J. Hunt., W. Weng, A. Robins, D. Apsley, D. 
Thompson, and F. Smith, 1994. UK-ADMS: A new approach to modelling 
dispersion in the earth's atmospheric boundary layer, Journal of Wind 
Engineering and Industrial Aerodynamics, 52: 139-153. Elsevier Science B.V. 
[14] AERMOD, http://www.epa.gov/scram001/dispersion_prefrec.htm#aermod.  
Site accessed on September 30, 2007. 

Article ID: TS13  Page 18 



[15] Hoel, D., 1992.  PFPL. Puff-Plume Atmospheric Deposition Model. ESTSC--
000205D078000; NESC--9800, Savannah River Laboratory. 
[16] HPAC (Hazard Prediction and Assessment Capability model), 
http://www.dtra.mil/newsservices/fact_sheets/display.cfm?fs=hpac.  Site 
accessed on September 30, 2007. 
[17] SLOSH (Sea, Lake, and Overland Surges for Hurricanes), 
http://www.fema.gov/plan/prevent/nhp/slosh_link.shtm.  Site accessed on 
September 30, 2007. 
[18] Luettich, R., J. Westerink, J., and N. Scheffner, 1992.  ADCIRC: An 
Advanced Three-Dimensional Circulation Model for Shelves, Coasts, and 
Estuaries. Report 1: Theory and Methodology of ADCIRC-2DDI and ADCIRC-
3DL. Coastal Engineering Research Center, Vicksburg, MS. 
http://handle.dtic.mil/100.2/ADA261608.  Site accessed on September 30, 2007. 
[19] FVCOM (Finite-Volume Coastal Ocean Model), 
http://codfish.smast.umassd.edu/FVCOM.html.  Site accessed on September 30, 
2007. 
[20] Franzese, O. and L. Zhang.  Real-time Traffic Information for Emergency 
Evacuation Operations.  Project sponsored by MS DHS through the South East 
Regional Research Initiative (SERRI); ORNL.  Project currently underway. 
[21] CORSIM (Corridor Simulation Model), Federal Highway Administration, 
http://ops.fhwa.dot.gov/trafficanalysistools/corsim.htm.  Site accessed on 
September 30, 2007. 
[22] VISSIM, http://www.english.ptv.de/cgi-bin/traffic/traf_vissim.pl.  Site 
accessed on September 30, 2007. 
[23] Franzese, O. et al.  OREMS 2.6 User's Guide. Oak Ridge National 
Laboratory, 2003.      
[24] Willis, A., R. Kukla, J. Kerridge, and J. Hine, 2001. Laying the foundations: 
The use of video footage to explore pedestrian dynamics in PEDFLOW, pp. 181-
186 in Schreckenberg, M., & Sharma, S.D., (eds), Pedestrian and Evacuation 
Dynamics. Berlin: Springer. 
[25] Helbing, D., I. Farkas,  P. Molnar, and T. Vicsek, 2001. Simulation of 
pedestrian crowds in normal and evacuation situations, pp. 21-58 in 
Schreckenberg, M., and Sharma, S.D. (eds), Pedestrian and Evacuation 
Dynamics, Berlin: Springer. 
[26] Blum, J. and A. Eskandarian, 2004. The impact of multi-modal transportation 
on the evacuation efficiency of building complexes, in the Proceedings of the 7th 
International IEEE Conference on Intelligent Transportation Systems, 2004. 
[27] Vehicle-Infrastructure Integration (VII) Initiative, http://www.its.dot.gov/vii/.  
Site accessed on September 30, 2007. 

Article ID: TS13  Page 19 



[28] Franzese, O. and J. Sorensen.  Intelligent Consequence Management: 
Dynamic Weather Information for the Emergency Evacuation Component.  
Proceedings of the ITS America 14th Annual Meeting, San Antonio, TX, 2004. 
[29] Franzese, O. and J. Sorensen.  Fast Deployable System for Consequence 
Management: The Emergency Evacuation Component.  Proceedings of the 2004 
ITS Safety and Security Conference, Miami Beach, FL, 2004.  

Figures 

 
Figure 1 Area at Risk and Plume Dispersion Evolution for Scenario i. 

 
 

Article ID: TS13  Page 20 



 
Figure 2 Population Dosage Distribution for Scenario i. 

 

 
Figure 3 Plume Dispersion Evolution for Scenario j. 
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Figure 4 Population Dosage Distribution for Scenario j. 
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