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Abstract
An evacuation simulation is a helpful tool to evaluate the
effectiveness of various countermeasures. To showcase
its effectiveness and importance, the present study
applied the authors’ agent-based tsunami evacuation
simulation model to investigate the effectiveness of
tsunami countermeasures (i.e., early evacuation,
restricting car usage, and combination of these two
measures) in an area that was affected by the 2011 Tohoku
Earthquake and Tsunami (namely that of Tagajyo, Japan).
As a result, it was found that restricting residents’ car
usage would be a more effective countermeasure
compared with simply encouraging people to
immediately start evacuation after feeling the
earthquake, which was found to be somewhat
ineffective. However, if early evacuation were combined
with restricted car use, the risk of residents being hit by
a devastating tsunami would be significantly lower. The
scenario results, therefore, highlighted the importance of
tsunami evacuation simulations in formulating effective
evacuation and reconstruction plans for coastal
communities. Given the estimated return periods of a
devastating tsunami, it is natural to assume that the
tsunami-affected areas will gradually change; therefore,
to ensure continued community resilience, it is
imperative that simulation results be updated according
to changes made in the urban landscape of the target
city.
Keywords: agent-based approach; tsunamis; evacuation;
coastal resilience; reconstruction plan.
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1. Introduction
Tsunamis are one of the most destructive types of natural
disasters, with recent tsunami events such as the 2004 Indian
Ocean Tsunami, the 2011 Tohoku Earthquake and Tsunami,
the 2018 Sulawesi Tsunami and the 2018 Sunda Strait Tsunami
exemplifying the type of devastation they can cause to coastal
communities ([1][2][3][4]). The 2011 Tohoku Earthquake and
Tsunami resulted in massive damage to the eastern coastline
of Japan (especially, the Tohoku region) and caused over
18,000 dead or missing [5]. Following this event, a new
concept for the classification of tsunami events was proposed
in Japan [6]. Tsunamis that occur from every few decades to
100 years and are typically only several meters in height are
defined as Level 1 (L1) events, which require the construction
hard measures such as breakwaters, levees and seawalls to
protect lives and properties. Less frequent (with a return
period of more than several hundreds to a thousand year) but
significantly higher (typically, over 10 m) tsunamis are
defined as Level 2 (L2) events. As it is difficult to protect
coastal areas from L2 tsunamis using only hard measures, to
reduce damage as much as possible, multiple
countermeasures are implemented (combining hard and soft
measures, such as land use regulations and evacuation
plans).
Based
on
this
classification,
tsunami-affected
municipalities have developed their own reconstruction
plans. Essentially, through a tsunami numerical simulation
technique, they first investigate the expected extent of
inundation from future L2 tsunamis after considering the
effects of newly constructed coastal defenses that could
protect them from L1 tsunamis. Many municipalities in areas
wherein L2 tsunami simulations have indicated that the
inundation depths would exceed 2 m restricted the
construction of residential houses and other buildings [7]. A
report published by [8] analyzed the reconstruction plans in
each of the tsunami-affected municipalities, finding that in
most residential areas that would suffer from inundation
levels higher than 2 m, it had been decided to relocate to
higher ground or to raise the ground level. However, in
residential areas with inundation depths lower than 2 m, new
coastal defenses were to be constructed and on-site
reconstruction adopted, thereby allowing the residents to
remain in their original locations. The reasoning behind the
“2 m” limit was due to the fact that many of the wooden
houses had not been completely washed away when the
inundation depths were lower than this height [7]. Although
this implies that residents living in the under 2 m inundation
zones might be able to save their lives if they were on the
second floor or above in a sturdy building, it should
nevertheless be noted that tsunami simulation results
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contain uncertainty, as they were based on several
assumptions [9]. Further, the effects of the debris displaced
from the seaside areas on the coastal structures that were
built inland to prevent tsunami water intrusion were
generally not considered. For example, in some coastal areas
affected by the 2011 Tohoku Earthquake and Tsunami, a huge
amount of debris, including containers, trees, and vehicles,
was pushed inland, causing significant damage to physical
structures [10,11]. It has been reported that if tsunami flows
include debris, the resulting tsunami plus debris forces are
greater than the tsunami forces alone [12-14]. This suggested
that some coastal defenses might receive larger forces than
expected and could be partially broken, resulting in the
tsunami entering the city. Therefore, proper evacuation
procedures still play an integral role in saving lives from
future L2 tsunamis.
The importance of proper evacuation procedures during
a significant tsunami event have been widely recognized.
Many coastal communities have been attempting to develop
effective evacuation plans and increasing the residents’ level
of tsunami awareness and preparedness through repeated
tsunami evacuation drills and disaster education programs.
To help residents become more aware of the importance of
these programs and activities and to further strengthen the
resilience of coastal communities, it is important to
quantitatively determine the degree to which proper
knowledge and evacuation behavior can decrease the risks of
being caught by a tsunami. An agent-based tsunami
evacuation simulation can be used as a powerful approach to
quantitatively evaluate the effectiveness of proposed
countermeasures, as it can consider a variety of evacuation
behavior in detail.
Generally speaking, using a car for tsunami evacuation
would cause severe congestion on an evacuation road, and
thus it is often considered to be inappropriate. A number of
researchers have evaluated the effectiveness of restricting car
usage using computer simulations [15-22]. However, only a
few studies [20-22] have utilized an agent-based approach,
which is believed to be the most effective approach as it can
consider a variety of possible evacuation behavior by
evacuees, to investigate it. This suggests that performing
further simulations, in which the detailed evacuation
behavior of pedestrian and car evacuees is considered, is
necessary in order to understand the effects of car usage
during tsunami evacuation. Especially, although it would be
important to investigate the effectiveness of restricting car
usage in a coastal area that was affected by 2011 Tohoku
Earthquake and Tsunami, few studies have focused on it.
Previously, the authors had developed an agent-based
tsunami evacuation simulation model and simulated the
effectiveness of various tsunami countermeasures [23-27]. In
the model, a road network, composed of node points and
connected links, is used to define the movement of agents.
Agents are programmed to move along the links with a
defined speed, and whenever they reach a node, they choose
which link they will take next. Results of tsunami inundation
simulations, which are based on non-linear shallow water
equations, are incorporated into the evacuation simulation

model. Thus, the number of casualties resulting from a
tsunami can be calculated. [23] defined two different types of
agents (local residents and visitors) in the model and applied
it to simulate the effects of the presence of visitors on total
evacuation time in Kamakura City, Japan. In [24], the
different questionnaire surveys on evacuation behavior of
local residents and visitors were used to express their
evacuation behavior more realistically. [25] improved the
model of [24] to consider the effects of several
countermeasures (e.g. implementing evacuation warnings,
evacuation signs), and investigated the effectiveness of them
in Kamakura City. [26] applied the model of [23-25] to a
coastal city in Vancouver Island (Tofino), and simulated
evacuation behavior there. [27] significantly improved the
model of [23-25] to consider the detailed behavior of car
evacuees. In [27], the model was confirmed to be able to
simulate the car congestion which had actually occurred in
Tagajyo City, Japan during 2011 Tohoku Earthquake and
Tsunami, relatively well. The present study extends the work
of [27] to investigate how proper evacuation behavior during
a tsunami event (especially the effects of restricting car
usage) would decrease the risks of residents being caught by
a tsunami in the same study area (Tagajyo City). Through the
case study, the authors aim to demonstrate the importance
and effectiveness of tsunami evacuation simulations in
improving an evacuation plan for tsunami-affected areas.
In the following section, the recent progress in agentbased tsunami evacuation is introduced. Section 3 explains
about the study area, evacuation modelling approach,
numerical conditions, simulated scenarios, and the obtained
results. Section 4 discusses important implications of the
present study, limitations and future perspectives on tsunami
evacuation simulations. Finally, the conclusions will be
outlined in Section 5.

2. Recent Progress in
Evacuation Simulations

Agent-based

Although simulating overland inundation resulting from a
future L2 tsunami is crucial to formulate a reconstruction
plan, evacuation simulations, which can investigate the
potential number of casualties that arise from the tsunami
and associated evacuation problems, is also an essential step
to achieve a tsunami-resilient community. Although other
approaches (e.g. GIS approach [28,29]) have been proposed
to simulate the behavior of evacuees during an emergency,
an agent-based modeling approach appears to be most
suitable, as it is able to simulate a variety of complex
behaviors and interactions between evacuees realistically
[30]. In agent-based approaches, each individual agent is
modeled as a decision-making entity that decides on its own
movements (e.g., where to evacuate, when to start
evacuating, and even changes its choice of route and
evacuation speed) [31]. By aggregating each agent’s behavior,
it is possible to obtain an overall picture of the evacuation
process from the interactions between the individual agents.
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To date, agent-based modelling approaches have been
applied to simulate evacuation process in a variety of
emergency situations. For instance, there are a number of
studies that have simulated crowd evacuation from a
building in the event of fire or earthquake using an agentbased modelling approach [32-39]. Complicated interactions
between individual evacuees, such as the exchange of
information [33], competitive, queuing, and herding behavior
[34] have increasingly been considered in the simulation
models. The effects of the environment around evacuees,
such as floor layout or damage to the rooms due to an
earthquake, on their evacuation behavior, have also been
incorporated by some researchers [36,38]. The use of an
agent-based approach can also be found in evacuation from
river flooding or hurricanes [31,40-44]. In these cases, as the
time and length for evacuation are generally longer, evacuees
would more likely use a vehicle for evacuation. Thus, a
simulation model that considers traffic flow is used to
analyze the crowd evacuation from such events [40]. In fact,
many of the traffic simulators, mainly used in a
transportation engineering field, have adopted an agentbased approach, as shown in [45-48]. To more realistically
simulate evacuation behavior in the case of flooding, [31]
proposed a simulation model that considers the dynamic
response of evacuees to flooding inundation. Recently, the
impact of social media and exchange in warning information
between neighbors on a total evacuation process has also
been investigated by [42,43].
According to [49], one of the first applications of an
agent-based tsunami evacuation can be found in [50], which
simulated the evacuations from the Okushiri Island’s Aonae
District in Japan during the 1993 Hokkaido Earthquake.
However, following the 2011 Tohoku Earthquake and Tsunami,
there was a significant increase in the number of studies
aiming to simulate tsunami evacuation processes. As
observation data and actual survivor evacuation testimonies
were partially available after the event, some researchers
used tsunami evacuation simulation models to reproduce
actual tsunami evacuations [27,51-55]. Especially, [27, 53-55]
incorporated the effects of evacuation by car into their
simulation model, from which it was found that the models
were able to partially reproduce the road congestion
observed during the event.
An agent-based tsunami evacuation model has also been
applied to assess the potential casualties and problems in a
given coastal area [21-27,58-62]. As there is always a certain
amount of uncertainty in people’s evacuation behavior, [2123] investigated the impact of evacuation behavior changes
on the mortality rate to properly understand the tsunami
risks in their specific study area. In contrast, [24] sought to
conduct a more realistic tsunami evacuation simulation by
utilizing the results of questionnaire surveys about the
people’s tsunami awareness and preparedness at the time of
the tsunami. It is also possible to evaluate the effectiveness of
countermeasures in reducing mortality rates using an agentbased tsunami evacuation simulation model. For example,
the effects of early evacuation measures on lower tsunami
mortality rate were investigated by [59-62]. References

[61,62] also investigated the effects of hard measures
(elevating the height of a seawall). As alternative agent-based
tsunami evacuation applications, [57,58,63] proposed
approaches to prioritize road relocations or to optimize the
location of evacuation places and routes. [64] made efforts to
increase the calculation speeds in a simulation using a
parallelization technique.

3. Tsunami Evacuation Simulation in
Tagajyo, Miyagi Prefecture, Japan
Study Area
Tagajyo, Miyagi Prefecture, Japan, a city of 62,000 residents,
was selected as the study area (Figure 1). Tagajyo City [10]
reported that during the 2011 Tohoku Earthquake and
Tsunami, more than one-third of the municipal area (approx.
6.62 km2) was inundated, with the maximum inundation
depth being 4.6 m, and that 188 people died (though 64 of
these were not residents). Historically, this city also suffered
significant damage during the 869 Jogan Earthquake and
Tsunami. Tagajyo is close to Sendai, the capital of Miyagi
Prefecture, has a large port (Sendai Port), and is the largest
industrial city in the Tohoku region. The most significant
problem during the 2011 tsunami evacuation was the severe
traffic jams, with many survivors claiming that due to there
being major traffic jams on the main city roads immediately
after the earthquake, many people were caught by the
tsunami while stuck in traffic [65,66]. The authors previously
simulated the city evacuation process using their tsunami
evacuation simulation model and partially succeeded in
reproducing the locations where car congestion took place
[27]. Therefore, in the present study, the previous model was
extended to investigate how an improvement in resident
evacuation behavior could decrease tsunami risks.
Following the massive tsunami damage, after discussions
with the residents and workers, the Tagajyo City government
decided to reconstruct the city in its original location rather
than relocating to higher ground or raising the ground level.
However, the government also decided to construct multiple
new coastal defenses, such as a seawall and a coastal dyke
(shown in Figure 1), so that the expected inundation depths
from an L2 tsunami would be less than 2 m inside the city.
The reconstruction plan also stressed the importance of
proper evacuation procedures during L2 tsunamis, by stating
that they would endeavor to keep conveying the lessons
learned from the disaster to younger generations and
implement disaster education programs to strengthen
resident disaster awareness and preparedness.
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model, with the reduced length being used to determine the
road cost. As it was possible to obtain the costs for each road
using this procedure, the route with the “lowest cost” from
the initial car evacuee location to the evacuation place was
obtained. It was also assumed that each car evacuee would
take the lowest cost route to go to the evacuation places, and
when there were more than two evacuation places, they were
assumed to go to the closest evacuation place based on “the
cost”. It should be noted that although in reality an evacuee
would change his/her route when they encountered
congestion, a possible change in evacuation route was not
considered in the simulations.
Moving speed is also different between pedestrian and car
evacuees. The moving speed of a pedestrian is known to be
influenced mainly by the age of the pedestrian and the level
of road congestion [73]. In the simulation model, it was
defined to change according to the age of evacuees and the
crowd density on the road, following the works of [51,54,71]
(Figure 2). Obviously, infants cannot move at a speed of 1.19
m/s. However, in an emergent situation, they would be
carried by their parents, which means that the moving speed
of an infant would be equal to the evacuee who carries
him/her. In the present simulations, as an infant is assumed
to move together with older evacuees (<65 years of age), the
authors set his/her moving speed to be equal to that of <65
years of age. It is also noted that the model considers the
effects of the presence of vehicles on the moving speed of a
pedestrian, when both the pedestrians and vehicles are on
the same roads (i.e. there is no separation of road space for
pedestrians and vehicles, something typical in many smaller
Japanese roads, due to the absence of sidewalks). This
influence was considered by counting one vehicle as ten
evacuees when calculating the crowd density following [71].

Figure 1 Map of Tagajyo City, showing the multiple
defenses that are under construction: the red line indicates
the seawall location, the yellow dashed line shows the
coastal dykes, and the black dotted line the land elevation
and coastal forests. The red colored area shows the expected
inundation from a L2 tsunami. This information was
obtained from [11]. The rectangular area surrounded by
orange dots shows the extent of the evacuation simulations.
Five orange squares indicate the locations of evacuation
places used in the evacuation simulations described in the
present study.

Modeling the Evacuation
Pedestrian and Car Evacuees

Behavior

of

The tsunami evacuation simulation model used in the
present study is developed based on a well-known agentbased modelling platform, Artisoc 4.0 ([67]). As a variety of
functions, which are helpful for users to express complex
evacuation behavior, is available in it, many researchers
(especially in Japan) have used this platform to construct
their agent-based evacuation models [68,69].
As severe car congestion was observed in the study area
during the 2011 event, it was important to model both the car
and pedestrian evacuation behaviors. Therefore, the authors’
simulation model for the study area expressed these two
behaviors in different ways. For instance, as it was assumed
that pedestrian evacuees would go to the closest evacuation
place using the shortest route, the simulation model adopted
a Dijkstra algorithm [70] to calculate the shortest route from
each initial evacuee’s location to the evacuation place. In
contrast, considering the tendency that a car evacuee would
prefer to take a wider road during evacuation [71], the
modified Dijkstra algorithm, which was originally proposed
by [72] and can consider the preference of car evacuees to
choose wider roads, was adopted for the route choice of a car
evacuee. While the general Dijkstra algorithm calculates the
shortest route by simply using the length of each road, the
modified Dijkstra algorithm calculates “the cost” of each
route using evacuee preference information based on road
width and length. More specifically, when the road width is
narrower than the car evacuee preference, the original length
is used to calculate the road cost. However, when it is wider
than the preferred width, the length of the road is reduced
using a reduction factor, which can also be determined in the
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Figure 2 Moving speed of pedestrian agents.
The moving speed of a car evacuee was defined by
considering the other car evacuee in front. Namely, the idea
of an Intelligent Driver Model (IDM) [74], expressed with the
following equations, was adopted in the authors’ simulation
model.
4

𝑑𝑣𝑖 (𝑡)
𝑣𝑖 (𝑡)
𝐷𝐺 2
= 𝑎 {1 − (
) − (
) }
𝑑𝑡
𝑣𝑚𝑎𝑥
∆𝑥𝑖 (𝑡)
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𝑣𝑖 (𝑡)(𝑣𝑖+1 (𝑡) − 𝑣𝑖 (𝑡))
𝐷𝐺 = 𝑠0 + 𝑇𝑣𝑖 (𝑡) + √
2√𝑎𝑏

Table 1 Summary of simulated scenarios
Simulated scenarios
Evacuation start
Car usage
time
ratio
Scenario 1 (Baseline
Observed
56% (actual
scenario)
evacuation time
percentage)
Scenario 2 (Early
5 min after the
56%
Evacuation)
earthquake
Scenario 3 (Limiting
Observed
0%
car usage ratio)
evacuation time
Scenario 4 (Early
5 min after the
0%
evacuation & Limiting
earthquake
car usage ratio)

(2)

where 𝑣𝑖 (𝑡), 𝑣𝑖+1 (𝑡) are the moving speeds of the car and the
other car in front of it at time t; 𝑎 is the maximum
acceleration; 𝑏 is the maximum deceleration; 𝑣𝑚𝑎𝑥 is the
desired maximum velocity; 𝐷𝐺 is the desired gap between
the car and the car in front; ∆𝑥𝑖 is the actual gap; 𝑠0 is the
minimum gap; and 𝑇 is the safe time headway. Here, 𝑎, 𝑏, 𝑠0
and 𝑇 are constant values, which were determined based on
[74], and 𝑣𝑚𝑎𝑥 is defined to change according to the width of
a road (30 m/s for road width less than 3 m, 50 m/s for road
width between 3 and 5.5 m, and 60 m/s for a road width
greater than 5.5 m). In addition, when a car evacuee comes
close to an intersection, it was defined to decrease its speed
or stop according to the movement of other cars near the
intersection (see [27] for further information). It should be
noted that although the presence of pedestrians would also
influence the moving speed of vehicles in a real situation,
such effects were not considered in the present study.

The first scenario was a baseline scenario, which was
based on the actual evacuation behavior in Tagajyo during
the 2011 Tohoku Earthquake and Tsunami. The results of a
fact-finding survey [76] that summarized the actual
evacuation times for 5,524 survivors over the entire tsunamiaffected area were used to determine the evacuation start
time in the baseline scenario. Namely, the authors expressed
it using the Rayleigh distribution and mean evacuation start
time among 5,524 survivors (22 min). The car usage ratio was
also set based on this fact-finding survey. As more than half
the evacuees (55%) in the entire tsunami-affected area
evacuated by car, the baseline scenario assumed this same
percentage. It was assumed that when evacuees are initially
located in a residential area, three people would ride one car.
In contrast, when they are initially located near the industrial
area (near Sendai port in Figure 1), one person is assumed to
ride each car.
The second scenario assumed an early start of evacuation
for all evacuees. Therefore, in this scenario, all evacuees were
assumed to understand the importance of early evacuation
and start evacuation within 5 minutes after the earthquake.
The value of 5 minutes was determined according to [77],
which is a guideline for an effective tsunami evacuation plan,
and recommends to set the start time for evacuation to be 2
- 5 min when investigating a city’s tsunami evacuation plan
with a computer simulation. To focus on the assessment of
the effectiveness of such an early evacuation, other numerical
conditions such as the car usage ratio remained the same as
in the baseline scenario. The third scenario assumed an
evacuation start time based on the results of the fact-finding
survey (i.e., the same as the baseline scenario) and reduced
the car usage ratio under the assumption that residents knew
that car usage would cause severe congestion and it would be
better to avoid using vehicles for the evacuation. In the
present study, to investigate the effects of minimizing the car
usage ratio, it was assumed that nobody would use a vehicle
to evacuate. The fourth scenario was a combination of the
second and third scenarios; that is, all residents were
assumed to start evacuating 5 min after the earthquake, with
nobody using their vehicles to go to the evacuation places. By
comparing the results of these four scenarios, it was possible
to determine the effectiveness of the different evacuation
behaviors in the study area.
As evacuation simulations incorporate some stochastic
elements, even when running the same scenario, the results
(total evacuation time in this case) changes slightly each time

Numerical Conditions
The numerical conditions used for the simulations were set
based on the information of Tagajyo City before the 2011
Tohoku Earthquake and Tsunami. The initial location of each
evacuee was set based on the 2010 census data, in which the
population distribution of residents is available. In addition,
to consider the number of people working at the port area
before the earthquake struck, the authors counted the
number of cars that was parked at the port in a satellite image
taken around 1 year before the event. In total, 13,450 evacuees
were considered in the present simulation. The age
distribution of agents was also determined from the 2010
census data as follows: 5% (Age 0–4), 10% (5–14), 65% (15–64),
11% (65–74), 9% (75–). Considering that many of the children
would evacuate together with a parent, evacuees of age 0-4
and 5-14 were assumed to move together with older evacuees,
who are initially located close to them.
The road network data of Tagajyo City, which was used as
the possible routes that could be taken by evacuees, were
obtained from [75]. The data provided is GIS data, and
contains the information about the details of each road (e.g.
length, width and type).

Simulated Scenarios
As explained earlier, the evacuation process in Tagajyo
during the 2011 Tohoku Earthquake and Tsunami had been
previously simulated using the previously developed tsunami
evacuation simulation model [27]. Therefore, the present
study extended this work by investigating what would
happen if the evacuees had displayed proper evacuation
behaviors during the event, for which four different scenarios
were considered, as shown in Table 1.
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it is run. Thus, in the present study, the same scenario was
repeated 20 times, and the averaged evacuation time for each
scenario was obtained. In addition, using these 20 simulation
repeats, the mean percentage of the population who finished
their evacuation within 30 min and 60 min with 95%
confidence intervals were also obtained.

extent of the evacuation simulation domain (see Figure 1),
might actually proceed to other evacuation places. However,
as the tsunami hazard map published by Tagajyo City [78]
instructs residents to go to higher grounds, the authors
simply used these evacuation places for the simulations.
For the case of scenario 1 (baseline scenario), severe car
congestion (many red colored car agents) happened along
the roads connected to the evacuation places (see Figure 3(a)).
Previously, the authors confirmed that this simulated car
congestion reproduced well that which was actually observed
in the study area in 2011. Severe car congestion was also found
in the results of scenario 2 (early evacuation scenario). As all
the evacuees started evacuation 5 min after the earthquake
with 55% using a vehicle, the level of congestion is actually
more severe 10 min after the earthquake than compared with
scenario 1 (compare snapshots at 10 min of Figure 3(a) and
(b)). This severe car congestion lasted more than 1 hour after
the earthquake. For the case of Scenario 4, as all evacuees
started evacuation 5 min after the earthquake on foot, more
evacuees were found on the road than at 10 min after the
earthquake in Scenario 3. However, almost all of them were
also diminished from the map (indicated that they had

Results
Figure 3 compares the snapshots of evacuation simulations
for all the scenarios. These snapshots correspond to the
results of the first run of 20 times repetitions for each
scenario (snapshots are not significantly different among the
same scenario, and thus the authors simply chose the result
of the first run to display). In the present simulations, 5
locations were set as evacuation places (where evacuees go),
considering the predicted extent of the inundation and actual
evacuation places during the 2011 Tohoku Earthquake and
Tsunami (obtained from [76]). All of the 5 places are outside
of the inundation area for the case of the 2011 Tohoku
Earthquake and Tsunami and located on higher ground.
Some of the evacuees who are initially located inside the

Figure 3 Comparison of snapshots of tsunami evacuation simulations
30
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finished their evacuation) 60 min after the earthquake in
both scenarios.
Figure 4 shows the percentage of evacuees who
completed their evacuation (i.e., reached the evacuation
places) at time progresses. Table 2 shows the percentage of
population who reached evacuation places within 30 min
(and 60 min) after the earthquake with 95% confidence level.
As shown, in Scenario 1 around 23% of evacuees had not
completed their evacuation within 60 min of the earthquake
due to the severe car congestion. Although more people
reached evacuation places within 30 min in Scenario 2, 23%
of the evacuees did not complete their evacuation within 60
min. When the car usage ratio was reduced (Scenario 3), the
evacuees reached more quickly one of the evacuation places
than in Scenario 1. If all evacuees started evacuating 5 min
after the earthquake and no one used vehicles (Scenario 4),
the evacuation time for all evacuees significantly reduced.
For instance, 79.31 (±0.12)% had finished evacuating within
30 min of the earthquake, and 98.25 (±0.06)% within 60 min
(see Table 2). As the city was inundated approximately 60
min after the 2011 Tohoku Earthquake and Tsunami, Scenario
4 indicated that if people had evacuated promptly after they
had felt the ground shaking and not used their vehicle for the
evacuation, more than 98% of them would have survived the
tsunami (with 95% confidence).

4. Discussion
Essentially, it is not easy to understand or evaluate the
effectiveness of soft countermeasures (such as disaster
education and evacuation plans) on tsunami risk mitigation.
However, the present study showcases that there is a
possibility to evaluate their effectiveness using a tsunami
evacuation simulation model. The application of the authors’
tsunami evacuation simulation model in this study found
that restricting the car usage ratio in Tagajyo would be more
effective than prompting everyone to evacuate early (at least
if/when a L2 tsunami arrives to the city). Recently, many
researchers have been reported higher level of awareness and
preparedness about coastal disasters around the world [7981]. Thus, it could be assumed that many people would start
evacuating relatively early in case of a future earthquake and
tsunami. However, the present study indicated that unless
people stop using their vehicles to evacuate, the tsunami
risks would not significantly decrease in the study area,
which should be emphasized in the city’s reconstruction
plans. In contrast, if encouraging early evacuation is
combined with restricting car usage the risks of residents
being caught in a L2 tsunami were significantly reduced. This
information could assist disaster risk managers to draft more
effective evacuation plans as, based on the results, residents
would become more aware of the areas where the car
congestion would most likely occur and the importance of
obeying the suggested evacuation procedures. Therefore, it
could be concluded that tsunami evacuation simulations
could be valuable disaster prevention educational tools.
Although not investigated in the present study, as the
expected inundation depth from future L2 tsunami would be
less than 2 m in Tagajyo, guiding vulnerable people (e.g.,
elderly, disabled, and infants) to evacuate to the closest
vertical evacuation place (i.e., tsunami shelter) might also be
a promising type of countermeasure. Furthermore, tsunami
evacuation simulations can be helpful in optimizing the
locations of such vertical evacuation places (see [57]).
As tsunami evacuation simulations include uncertainties,
it is important to perform a sensitivity analysis and to check
how the simulated results would react to different parameter
settings such as different moving speed of evacuees [26]. As
it had already been confirmed that the simulation model can
simulate the movement of car evacuees reasonably in the
study area [27], it is more important to investigate the
sensitivity of the results to the different moving speed of
pedestrian evacuees. In the present study, the authors simply
investigated the effects of decreasing and increasing the
moving speed of pedestrian evacuees. To investigate the
effects of slower moving speeds, 80% of the original moving
speeds was used, while 120% of them was used for effects of
faster moving speeds. The effects of changing moving speed
were reflected by assuming that pedestrian evacuees would
take 1.25 (=1/0.8) times longer to complete their evacuation
for the slower moving speeds, and 0.83 (=1/1.2) for the faster
moving speeds. Table 3 shows the calculated percentages of
evacuees who finished their evacuation within 60 min after
the earthquake for each scenario and moving speed. Overall,
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Figure 4 Percentage of evacuees who reached evacuation
places with respect to time. A vertical line shows the arrival
time of the tsunami.
Simulated
scenarios

Scenario 1
Scenario 2
Scenario 3
Scenario 4

Table 2 Summary of simulated results
% of population who
% of population who
reached evacuation
reached evacuation
places within 30 min
places within 60 min
after the earthquake
after the earthquake
(95% confidence
(95% confidence
level)
level)
45.24% (±0.23%)
76.92% (±0.37%)
56.52% (±0.36%)
77.18% (±0.43%)
53.37% (±0.17%)
96.23% (±0.09%)
79.31% (±0.12%)
98.25% (±0.06%)
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the simulated results did not vary significantly across the
different pedestrian moving speeds. Thus, the results of the
sensitivity analysis confirmed that the conclusions drawn in
this study remain the same even if the effect of uncertainties
on pedestrian moving speed are considered (i.e., restricting
the car usage would be an effective countermeasure for the
study area).

5. Conclusions
This study applied the authors’ agent-based tsunami
evacuation simulation model to investigate the effectiveness
of tsunami countermeasures (i.e., early evacuation,
restricting car usage, and combination of these two
measures) in an area that was affected by the 2011 Tohoku
Earthquake and Tsunami. It was found that restricting
residents’ car usage would significantly decrease the risks of
people encountering a L2 tsunami. If early evacuation were
combined with restricted car use, the risk of residents being
hit by the following L2 tsunami would be further reduced.
The scenario results highlighted the importance and
effectiveness of tsunami evacuation simulations in
constructing effective evacuation and reconstruction plans of
coastal communities. However, as tsunami evacuation
simulations have started to be actively studied since the 2011
Tohoku Earthquake and Tsunami, all tsunami evacuation
behaviors have not yet been perfectly modeled, and
therefore, further studies are needed to improve the
simulation models. Given the estimated return periods for L2
tsunamis, it is natural to assume that the areas that could
potentially be affected by tsunamis would gradually change.
Therefore, to ensure that the resilience of a community
gradually improves over time it is imperative that the
simulation results are updated according to changes in the
target city to ensure its long-term sustainable development.

Table 3 Percentages of population who reached evacuation places
within 60 min after the earthquake for original slower and faster
moving speeds of pedestrian evacuees
Simulated Original
Slower
Faster
scenarios
moving speeds
moving
moving
of pedestrian
speeds of
speeds of
evacuees
pedestrian
pedestrian
evacuees
evacuees
Scenario1
76.92%
74.23%
77.80%
Scenaro2
77.18%
76.42%
77.54%
Scenario3
96.23%
89.14%
98.34%
Scenario4
98.25%
96.58%
98.99%

However, there were some limitations to these results of
the tsunami evacuation simulations. The authors
acknowledge that the dynamic decisions about route changes
that evacuees might make were not considered in the present
simulation model. For instance, a car driver might change
their route when encountering severe car congestion;
however, this behavior was not considered in this study. The
effects of road blockages on evacuation behavior were also
not considered. Earthquakes that cause severe ground
shaking often result in building collapses, road liquefactions,
and fires [82]. Therefore, future studies could also investigate
the impacts of such road blockages on evacuation efficiency.
Another important limitation regarded the validation of
the results using the tsunami evacuation simulation model.
To the authors’ knowledge, no existing tsunami evacuation
simulation model has been perfectly validated. Essentially, as
it has been almost impossible to collect the actual evacuation
behaviors of all evacuees during the tsunami event, there is
not enough available data for a comprehensive validation
[49]. Therefore, disaster risk managers and residents should
view the simulated results as a “good estimate” rather than
an “exact estimate.” In that sense, it is important to conduct
tsunami drills based on the simulated results to confirm the
effectiveness of the countermeasures in the field (though it is
difficult to perfectly confirm such effectiveness, as almost all
of the residents would need to participate in the evacuation
drill to do so).
To increase the resilience of coastal communities, it is
important to update tsunami evacuation simulations at
regular intervals. Generally, over time, the population, age
distributions, and city layouts change in a given area;
therefore, it is necessary to conduct tsunami simulations
using updated city information to confirm the effectiveness
of the countermeasures and to communicate the results to
residents. If a coastal area receives a certain number of
visitors, modeling visitor behavior, which appears to be
different from that of residents [83,84], is also necessary.
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