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ABSTRACT 

Evacuation models can be used to determine evacuation capacity, by 
estimating the time required for evacuating populations to leave areas exposed to 
a hazard. Disaster management practices and evacuation modeling are generally 
carried out to prepare for ‘worst-case’ conditions. However, hazard severity is 
highly variable. Performing evacuation modeling for multiple hazard scenarios 
may provide flexibility and a comprehensive understanding of evacuation 
capacity. A case study was undertaken to analyze the merit of scenario-based 
evacuation modeling. Results demonstrate a difference in clearance time between 
maximum and historic tsunami scenario modeling. During a smaller-scale event, 
allowing the maximum scenario population to evacuate can add congestion and 
inhibit evacuation of at-risk populations. Managing evacuation can improve 
evacuation efficiency by preventing unneeded congestion. Results show that 
traditional worst-case-scenario modeling may lead to overestimation of time 
needed to evacuate. Planning under such a scenario may increase risk to smaller-
scale hazards. 
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INTRODUCTION 

Evacuation can be vital component in mitigating the impacts of natural 
hazard events in areas exposed to the hazard. Evacuation speed is a critical aspect, 
as populations must be removed from at-risk areas before hazard arrival to reduce 
potential for loss of life. Evacuation speed is determined by a number of factors, 
including local topography and development, infrastructure, local management, 
and individual risk perception (Dow & Cutter, 1998). These factors can all 
contribute to uncertainty of how an evacuation scenario will unfold. Therefore, it 
is important to understand an area’s capacity to evacuate, incorporating the above 
factors to help in part to determine a community’s vulnerability to natural hazards. 
  Understanding a community’s capacity to evacuate can provide insights 
into its degree of vulnerability to a hazard threat (Cova & Church, 1997). A 
baseline understanding of evacuation is a first step in effectively mitigating the 
impacts of many hazards, such as tsunamis, hurricanes, wildfire, and others. It can 
potentially point out the need for various mitigation strategies, and give context 
for future policy-making and planning practices. Because the magnitude and 
extent of hazard events can be uncertain, it may be useful to reference specific 
hazard events or projections when modeling. This sort of modeling may aid 
current planning practice, as traditionally evacuation-specific studies are not 
required, and instead only traditional traffic studies are performed (Frazier, 2006). 
The subsequent information gained can be placed in context with multiple 
potential hazard scenarios, such as historic events and a worst-case scenario. 
Information gained from this contextual analysis can allow for a more 
comprehensive understanding of general hazard threats. This knowledge can 
provide more insight into planning and policy for a community (Cova & Church, 
1997). 
 A common method to assess an area’s capacity to evacuate and perform 
an assessment of community vulnerability is through evacuation modeling (Cova 
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& Church, 1997). These models attempt to represent a natural hazard evacuation 
scenario, utilizing concepts drawn from transportation research, risk analysis, 
sociology, as well as hazards research.  Early evacuation models were systems 
that used an analysis of traffic patterns and network theory to determine an 
‘overall clearance time’ (Sheffi, Mahmassani, & Powell, 1982), defined as the 
time required to fully evacuate from hazard zone. Contemporary models are 
slightly more complex, specifically in methodology for computing evacuation 
clearance time. In the past 20 years, case-based research has been conducted on 
hazard evacuation, such as vehicular evacuation of communities facing wildfire 
(Cova & Johnson, 2002), hurricane events (Chen, Meaker, & Zhan, 2006) and 
tsunamis (Goto et al., 2012; Mas, Suppasri, Fumihiko, & Koshimura, 2012; 
Wafda, Saputra, Nurdin, Nasaruddin, & Munadi, 2013). Other case studies have 
been performed with a specific spatial scale, but under no explicit type of hazard 
scenario (Chen & Zhan, 2006). Some prior modeling work has incorporated 
multiple modes of transportation, including pedestrian and vehicular (Goto et al., 
2012; Mas et al., 2012; Wafda et al., 2013), and pedestrian and transit (Naghawi 
& Wolshon, 2010). These vehicular and pedestrian based studies have followed 
the trend of employing pre-built traffic simulation software in an agent-based 
environment to determine evacuation clearance time. 
 Coastal communities in Southern California are exposed to tsunami 
threats originating from a variety of sources within the Pacific Ocean, yet the most 
likely tsunami scenarios would be classified as far-field tsunamis. Although 
residents will likely receive fair warning of an oncoming tsunami, many densely 
populated communities may face constraints to evacuation due to congestion 
issues. Additionally, no structural damage is caused due to the remoteness of the 
tsunami-generating earthquake, therefore existing infrastructure and transportation 
networks can be used for modeling purposes. Understanding the evacuation 
capacity of these communities can help to promote planning strategies and traffic 
management to mitigate the impacts of tsunami events. An understanding of 
maximum, or worst-case, tsunami event conditions exists in the area, and 
emergency management planning is performed with such a scenario in mind. 
However, based on historic events, an estimation of evacuation capacity under 
potential future tsunami conditions can be made. 
 

Scope 

This study was undertaken to apply a newly created evacuation model to 
identify clearance time and thereby exposure of a community to tsunami hazards. 
This work recreates evacuation scenarios for two separate tsunami hazard events. 
Inundation zones for each scenario are used as initial steps for determining 
evacuating population in the custom demand mode. For this work, a hypothetical 
tsunami based on a historic event, as well as the maximum potential tsunami 
exposure were used to provide context for evacuation modeling. The historic 
scenario is a recreation of the tsunami generated from the 1964 Alaskan Peninsula 
earthquake event. The spatial extent of inundation under this scenario is less than 
the maximum potential exposure, allowing for comparison between the two 
scenarios. The maximum tsunami exposure scenario information is based 
hypothetical worst-case tsunami identified by prior modeling and planning. 

 
 

Figure 1. Historic and maximum tsunami exposure scenario areal extent for 
the study area. 
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METHODS 
The selected area for study is Balboa Island and surrounding areas in the 

city of Newport Beach, California. Balboa Island is an artificial island within the 
small inlet/harbor of Newport Bay. It lies entirely within the historic tsunami 
inundation zones as well as maximum inundation zones (Figure 1). Additionally, 
Balboa Island has only one point of egress from a tsunami: a two-lane bridge 
leading into a major highway. The Island is less than a mile in length, yet the high 
residential population, number of registered vehicles, and tourist population can 
lead to potential congestion issues during a tsunami evacuation. Balboa Island is 
surrounded by more development that, while not inside the historic scenario 
inundation zones, lays within maximum scenario inundation zones. 

To compare evacuation capacity under the two evacuation scenarios, 
evacuation modeling was performed under conditions and assumptions of both the 
historic scenario and the maximum exposure scenario. A newly created 
evacuation model framework was used to identify evacuation potential of the 
study area under the two sets of conditions. The modeling process can be 
separated into two parts: (1) demand modeling, wherein evacuating populations, 
their destination, and mode of transit are identified, and (2) traffic simulation, 
where evacuee movement towards safety is simulated to determine overall 
clearance time.  

The travel demand model uses geographic information systems (GIS) 
tools in conjunction with socio-economic geospatial data and hazard exposure 
information to acquire a spatially explicit estimation of evacuating populations 
during a tsunami event. It incorporates variables critical to evacuation such as 
employee population, transit-dependent population, and evacuee risk perception. 
These concepts are generally underrepresented in prior evacuation modeling 
work, but are important contributors to overall evacuation demand (Murray-Tuite 
& Wolshon, 2013). In this modeling framework, travel demand estimation serves 
as an input into traffic simulation, which with transportation network data 
recreates the evacuation event and estimates overall clearance time. To compare 
differing evacuation scenarios, the demand modeling was performed twice, with 
different hazard zone inputs used for each iteration. This creates two separate 
estimations of evacuation demand, each based on one scenario. 

The second step, traffic simulation, recreates an evacuation scenario by 
moving travel demand information across space within the constraints of a 

transportation network (Murray-Tuite & Wolshon, 2013). Evacuee trips, obtained 
from the travel demand model, are simulated, recording the time required to 
perform the trip and making decisions about the route the evacuee takes on such a 
trip. Traffic simulation models generally attempt to acquire an equilibrium state of 
traffic, meaning the most efficient combination of routes for all evacuees that 
achieves the shortest travel time on average for each evacuee. This assumes that 
evacuees will have perfect knowledge of the event, transportation network, and 
congestion as they evacuate. Researchers criticize the use of equilibrium in 
evacuation modeling, as evacuations are rare events, and the assumption that 
evacuees will have perfect knowledge and behavior is unlikely to be true in a real 
evacuation situation (Lindell & Prater, 2007; Pel, Bliemer, & Hoogendoorn, 
2012). The evacuation model in this study models both user equilibrium (re-
routing) and non-equilibrium (shortest-path routing) scenarios to acquire best-case 
and worst-case clearance time results, respectively. Worst-case results can be 
interpreted as a scenario with little to no emergency response and traffic 
management. Equilibrium results can be interpreted as a scenario with effective 
management and routing in place to direct evacuees to safety in the shortest time 
possible. Modeling from this perspective makes fewer assumptions of individual 
evacuee behavior in determining their route, and instead places assumptions upon 
traffic management and emergency response, which are measurable and 
predictable. 

The overall evacuation model was performed for both scenarios, each 
with differing spatial hazard exposure extents. This influences the demand model 
in that evacuating population and their destinations change with the hazard 
exposure zone. In the study area, a significant population on the mainland lies 
within the maximum tsunami inundation zone, but not the historic zone. 
Subsequently, the traffic simulation will also differ due to changes in congestion 
and potential routes to safety. Performing the evacuation modeling provides 
outputs of overall clearance time for each scenario. These outputs are compared 
and placed into context with the temporal characteristics of the hazard. If the extra 
evacuating population serves to impede evacuation speed enough that clearance 
time is greater than tsunami arrival time, planning based on worst-case scenarios 
may prove to increase the vulnerability of some populations to smaller-scale 
hazards. 
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RESULTS 
 Initial results from travel demand estimation (Figure 2) are useful for 
viewing the difference in distribution of evacuees between the two scenarios. The 
majority of evacuees within the study area choose vehicles as their mode of 
evacuation. Some transit-dependent populations exist, and are addressed by 
shuttle evacuation. A maximum exposure evacuation scenario increases both the 
area of evacuation and number of evacuees. The Balboa Island area still contains a 
majority of the evacuating population due to the dense development and business 
population. Potential areas of extra congestion for evacuees from Balboa Island 
can be identified, as many of the major egress points from the maximum tsunami 
inundation zone are shared by the additional population not present in the historic 
scenario evacuation zone. 

 
Figure 2. Demand model estimation for historic and maximum scenarios 

 Traffic simulation results demonstrate the considerable impact of 
additional populations on overall clearance time. Under a maximum evacuation 
scenario, the clearance time for the study area, assuming proper traffic 
management, is over five hours. By contrast, clearance time for populations 
exposed to the historic scenario is under five hours. In all iterations of the traffic 
simulation, the final evacuee to reach safety originated from within the historic 
scenario exposure zone, on Balboa Island. These results would be expected at the 

outset, as additional evacuees can only serve to increase overall clearance time. 
However, if the clearance time from a maximum-scenario evacuation is placed in 
context with the arrival time of the historic scenario tsunami, the effectiveness of 
scenario-based planning becomes apparent. 
 Based on prior geophysical modeling information, tsunami arrival time 
for the smaller-scale historic scenario at the study area is assumed to be between 
5.5 and 6 hours after the tsunami-generating earthquake occurs (Ross, 2013). 
Evacuation modeling estimates that an evacuation of only the exposed population 
would require 4 hours and forty-five minutes (4:45.00), with proper evacuee 
routing and traffic management. This number includes background traffic and 
other factors such as evacuee response time. In contrast, evacuating populations 
based on maximum inundation exposure would require six hours and twenty 
minutes (5:20.00) under the same assumptions. A maximum-exposure evacuation 
scenario under the historic tsunami temporal scale narrowly succeeds to evacuate 
all populations, only with perfect traffic routing procedures. These results also 
assume the evacuation order is issued immediately afer the tsunami-generating 
earthquake occurs. In reality, many evacuation scenarios are not initiated until the 
conditions of the tsunami threat are more elucidated, reducing the time for full 
evacuation before tsunami arrival. 

 
Figure 3. Estimation of overall clearance time derived from traffic simulation 

DISCUSSION 
Evacuation modeling can be a powerful initial step in hazard mitigation 

planning. Modeling can contribute to an understanding of a community’s 
vulnerability to a hazard by providing additional information in addition to 
traditional exposure assessments. Identifying the time it takes for exposed 
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populations to evacuate, and strategies to reduce evacuation clearance time are 
useful pieces information for assessing the vulnerability of a community. A 
comprehensive understanding of evacuation capacity can inform disaster 
management and help reduce loss of life from potential hazard events. The results 
from this work demonstrate a situation where performing scenario-based 
modeling and planning can lead to more informed and efficient disaster 
management. By understanding community vulnerability from a holistic 
perspective, management can be equipped with more tools to guide operations 
during hazard events.  

It should be noted that this approach has shortcomings in addition to its 
benefits. The major constraint to scenario-based planning is the unpredictability of 
individuals. Multiple aspects of risk perception and awareness can influence 
individual behavior, including misinformation, lack of trust in local management, 
or fear and irrational behavior. In most cases, disaster management is performed 
based on worst-case scenarios in an attempt to capture, or at least remove 
assumptions on individual behavior. In the end, understanding community 
vulnerability and evacuation capacity under a variety of scenarios can serve to 
benefit planning practice. Management in order to create conditions tailored to 
precise scenarios is unlikely, yet comprehensive modeling provides an 
understanding of potential affordances and constraints of current evacuation plans. 
In the case study, results demonstrate potential over-evacuation if worst-case 
planning is used universally. Additionally, results provide suggestions for future 
management and ways to reduce vulnerability to, in this case, smaller-scale 
hazards. Overall, scenario-based evacuation modeling can be a useful component 
in community vulnerability assessments, to represent a comprehensive description 
of vulnerability. The utility of this modeling framework is not necessarily for 
direct implementation into disaster management, but instead as a thorough 
description of vulnerability to inform disaster management and future planning. 
The more comprehensive understanding of community evacuation vulnerability in 
the context of multiple scenarios can guide future planning and the potential 
implementation of various mitigation strategies such as traffic control, vertical 
evacuation, and other network improvements such as additional lanes or widened 
bridges.  
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