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ABSTRACT

This study develops an integrated tsunami risk framework combining stochastic tsunami hazard and agent-based evacuation modelling. The frame-
work is applied to the case of Saga, Kochi, Japan, with a population of ~ 2,200 anticipated to experience significant tsunami events (~ M9.0). First,
stochastic earthquake source models are generated for two values of magnitudes (M8.8 and M9.0) and used to carry out stochastic tsunami inunda-
tion simulations. Agent-based tsunami evacuation modelling using MATSim is then performed by considering four mode scenarios: single mode
(pedestrian and car) and two multimodal scenarios (mix of car and pedestrian). The stochastic tsunami simulations and agent-based evacuation mod-
elling results are integrated to estimate the risk. The effect of existing tsunami evacuation points and tsunami evacuation towers on risk reduction is
also assessed. Such an integration framework is finally used to recommend tsunami mitigation strategies in the tsunami-prone regions. Results show
that a significant tsunami hazard (i.e., tsunami depth up to 15 m) is expected in the Saga district, with an arrival time between 5 and 30 min. In addi-
tion, the evacuation points on higher grounds effectively save local residents' lives, as shown by the small number of affected people, specifically for
the pedestrian and multimodal models (i.e. 10-100 people, excluding the car model). However, up to ~ 1,000 people may get affected if car is the
sole mode of evacuation. Therefore, the coastal community is recommended to evacuate on foot. Finally, identifying and securing sufficient higher
grounds and vertical evacuation points are essential for risk reduction.

1. Introduction

In the last two decades, tsunamis have been the most devastating natural disaster in the world, causing fatalities exceeding
200,000 people and economic losses of more than 14,000 billion USD [1]; [2]. A current trend for assessing tsunami hazards involves
adopting a probabilistic tsunami hazard analysis framework. For instance, stochastic earthquake source models have been developed
to capture the uncertainty of future tsunami hazards in tsunami-prone regions, i.e., Mexico, Japan, and Indonesia [3-5 6] [7]. Such
stochastic tsunami simulation results have been used to quantify the tsunami risks [8][9]. Moreover, developing effective tsunami
evacuation plans is one of the important actions to reduce fatality risks in the future. In general, evacuation plans have been devel-
oped using static and dynamic approaches. The static approach does not need detailed transportation networks and evacuees' fea-
tures, leading to unrealistic evacuation plans. In contrast, the dynamic approach (i.e., agent-based evacuation method) produces a
more realistic evacuation plan because it uses detailed features of transportation infrastructure, agents' movements, and potential in-
teraction among the agents [10,11].
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Several studies carried out single-mode and multimodal agent-based tsunami evacuation simulations using software such as MAT-
Sim or NetLogo [12,13,14,15, 16] by mainly focusing on simulation parameters, such as the optimized iteration number and traffic
flow. However, a more realistic multimodal scenario needs to be developed extensively. Moreover, those multimodal evacuation stud-
ies have not included rigorous hazard simulations considering the uncertainty of future tsunamigenic events in the evacuation frame-
work ( [13-16] [; ). In these previous studies, tsunami evacuation points were selected deterministically and assigned to high grounds
(i.e., >10 m) without a comprehensive assessment of possible inundation scenarios in a region of interest [12]. In a recent study, an
agent-based tsunami evacuation model has been developed to consider the uncertainty of future tsunami hazards integrating evacua-
tion using stochastic inundation maps generated from the source models of the Mentawai-Sunda subduction zone [17]. However,
only a single-mode evacuation modelling of pedestrians or motorbikes was adopted without considering the multimodal approach.
Moreover, this study performs a rigorous evaluation of evacuation simulation parameters (i.e., number of iterations and queueing
model choice), which has not been carried out by [17] before running the simulation.

Among the tsunami-prone regions globally, the Saga district in Kochi Prefecture, Japan, is expected to experience significant
tsunamigenic earthquakes from the Nankai-Tonankai subduction zone. The Saga district is located in front of the Nankai-Tonankai
subduction zone; therefore, a tsunami height of more than 20 m may arrive at the coast (Fig. 1a; [18] [19] [7,9]. Rigorous probabilis-
tic tsunami hazard analysis was carried out in this region before this work and produced detailed information on possible tsunami
hazard data (e.g., tsunami height, inundated areas, and tsunami arrival time; [7,9]. The Central Disaster Management Council of
Japan [18] has also released the tsunami hazard map and evacuation plan for the Saga district due to the future Nankai-Tonankai sub-
duction earthquakes (Fig. 1b) [20]. Moreover, after the 2011 Tohoku tsunami, new vertical tsunami evacuation towers (TET) were
built in Saga to reduce fatalities, and detailed population and network data to develop realistic evacuation modelling are available.
Furthermore, integrating the probabilistic tsunami hazard data from [7,9] with the agent-based evacuation results (i.e., tsunami evac-
uation time) allows the estimation of casualty risk in terms of the number of affected people (i.e., people unable to evacuate, being
caught by the waves).

Subsequently, this study aims to develop an integrated tsunami risk probabilistic framework considering stochastic tsunami haz-
ard and agent-based evacuation modelling by adopting the Saga district in Kuroshio Town, Kochi Prefecture, Japan, as a case study.
This research is truly interdisciplinary because several methodologies have been used to create a comprehensive framework involving
stochastic tsunami hazard, exposure, risk, and agent-based evacuation modelling. Specifically, the proposed method includes (1) de-
veloping probabilistic/stochastic tsunamigenic source models [21,22], (2) conducting probabilistic tsunami hazard and risk assess-
ments [3,8,23 [[19]7,9], and (3) modelling probabilistic agent-based tsunami evacuation [17]. Agent-based evacuation modelling us-
ing MATSim requires the location of agents and the identification of links and nodes within a transportation network. Hence, develop-
ing realistic agents (i.e., population) and network data in the area of interest is essential. With respect to previous studies, this re-
search adopts a multimodal scenario (i.e., mixed traffic of cars and pedestrians) to carry out agent-based evacuation modelling that
has not been carried out in previous works [12-14,17]. This study can also evaluate the current existing horizontal evacuation plan
(i.e. local higher grounds and vertical shelter) in saving residents and may offer sound recommendations for the local stakeholders to
prepare the coastal communities against future tsunamigenic events.

This paper builds on insights obtained from our previous publication, i.e., [17], regarding agent-based simulation. More specifi-
cally, the previous paper mainly focused on defining agent-based evacuation simulation parameters, whereas this paper aims to inte-
grate the stochastic tsunami hazard and agent-based evacuation simulation to generate a new integrated framework for casualty risk
assessment. Therefore, the paper is organized as follows. First, the developed integrated framework is presented (Section 2.1). Sec-
ond, the stochastic tsunami hazard is discussed (Section 2.2). Third, the approach to carrying out the agent-based tsunami evacuation
modelling is presented (Section 2.3). Fourth, the approach to calculating the risk in terms of the number of affected people is ex-
plained (Section 2.4). Fifth, the results are presented, discussed (Section 3), and then used to develop recommendations for tsunami
mitigation strategies (Section 4).

2. Methodology
2.1. Integrated framework

This study incorporates several methodologies to develop the integrated framework for casualty risk assessment (Fig. 2). Initially,
a stochastic tsunami hazard analysis is conducted to estimate the tsunami hazard in a region of interest (Fig. 2a). Two essential steps
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Fig. 1. (a) Study area, Saga district in Kochi Prefecture, Japan and (b) Top view of houses in Saga.
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Fig. 2. Integrated framework for tsunami casualty risk assessment: (a) stochastic tsunami simulation, (b) tsunami evacuation modelling using MATSim, (c) casualty risk
estimation, and (d) development of mitigation plan.
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for the stochastic tsunami hazard analysis are (1) the generation of stochastic earthquake source models and (2) the stochastic
tsunami simulation. Two magnitude values (i.e., M8.8 and M9.0) are adopted to generate the source models with a total of 1,000
cases (i.e., 500 for each magnitude value; Fig. 2a). Uncertainties and dependencies among source parameters (e.g., source geometry
and slip) are considered in generating stochastic earthquake sources through Monte Carlo simulations. The tsunami simulations are
then performed for each source model. Several hazard parameters, including stochastic inundation maps (Fig. 2a) and tsunami arrival
times at road networks, are obtained from the stochastic simulations (Fig. 2a). In Fig. 2, n represents the number of nodal points
where tsunami arrival times are recorded.



A. Muhammad et al. International Journal of Disaster Risk Reduction 101 (2024) 104193

In this study, detailed evacuation networks and several modes of transportation (e.g., single and multimodal, MM) are considered
to simulate a realistic evacuation plan. The agent-based evacuation is modelled using MATSim (Fig. 3b). The evacuation characteris-
tics, such as (1) the evacuation duration, (2) critical agents/areas, and (3) critical infrastructures/links, can be identified based on the
results of the agent-based evacuation modelling. The evacuation time computed with the agent-based evacuation modelling (Fig. 2b)
and the tsunami arrival time calculated from the stochastic tsunami simulations (Fig. 2a) are combined to calculate the number of af-
fected people (i.e., casualty assessment, Fig. 2c). Finally, reliable mitigation strategies (e.g., developing evacuation plans; Fig. 2d) can
be proposed to the local stakeholders. A detailed description of each approach adopted in this study is presented in the subsequent
sections.

2.2. Stochastic tsunami hazard simulations

The tsunami hazard in the region of interest is estimated using stochastic tsunami simulations. The stochastic earthquake source
models are first generated in the stochastic tsunami simulations by considering the uncertainty and dependency of earthquake source
parameters (Fig. 3a). In this study, the stochastic earthquake source models for two magnitude scenarios (i.e., M8.8 and M9.0) are
generated from the Nankai-Tonankai megathrust areas in Japan. Such magnitude scenarios are adopted based on the proposed future
tsunamigenic events by the [20]. The 2012 CDMC 2D fault plane model from the Japanese Cabinet Office is used as a baseline for gen-
erating stochastic models. The dimension of the sub-faults strike and dip angles is 5 km by 5 km, reflecting the current tectonic setting
in the Nankai-Tonankai Trough region [24], and the sizes of matrix along-strike and down-dip directions are 153 and 53, respec-
tively.

Furthermore, the scaling relationships of [22] are adopted to sample earthquake source parameters. Those parameters include the
size (length, L and width, W), slip (mean, D, and maximum slip, D,,,), and other statistical parameters (i.e. Hurst number, H, Box-Cox
parameter A, correlation length along strike direction, Ay, and correlation length along dip direction A,). These scaling relationships
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are developed based on the existing inversion source models of the major earthquakes [25]. The generated source parameters are
evaluated to confirm their consistency by iteratively sampling the parameters of L, W, and D, from the source scaling relationships un-
til it has =0.1 magnitude units of the target moment. Adding u as the rock rigidity, such target moment is calculated using
M, = uWLD,. Finally, the earthquake source models from the two magnitude cases, i.e. M8.8 and M9.0, are generated with a total of
1,000 stochastic models (i.e., 500 models each). Such a number of stochastic models is adequate to produce consistent tsunami haz-
ards [26].

Tsunami simulations are then performed using the generated earthquake source models, focusing on the Saga district. Elevations,
bathymetry, coastal/riverside structures (e.g., breakwater and levees), and surface roughness data are needed to construct the
tsunami simulation grid (Fig. 3b and c). The 5-m DEM, bathymetry, and coastal structure data are taken from the Geospatial Informa-
tion Authority of Japan, the Japan Hydrographic Association, and the national coastline database, respectively. Those data are fur-
ther adopted and nested following a 1/3 nesting ratio rule, i.e., 2430-m — 810-m — 270-m — 90-m - 30-m for tsunami simulations. In
this study, the local onshore inundation modelling in Saga, where the tsunami evacuation tower exists, focuses on a grid system of
30 m (Fig. 3c).

The initial water surface elevation is further calculated using [27,28] equations, and tsunami waves are propagated using the [29]
model. Manning's bottom friction coefficients are based on national land use data in Japan, i.e., 0.02 m3s,0.025 m3s, 0.03 m3s,
and 0.04 m™'/3s for agricultural land, ocean/water, forest vegetation, and residential areas, respectively. Adopting the kinematic fault
rupture process (see [7,19] for the details), the tsunami simulation is carried out with a duration and time step of 3 h and 0.5 s, re-
spectively, by satisfying the Courant-Friedrichs-Lewys criterion [30]. Finally, the Monte Carlo simulation is carried out, and their re-
sults in terms of tsunami inundation maps, wave height, and arrival times are evaluated (Fig. 3d and e).

2.3. Agent-based tsunami evacuation modelling

A microscopic traffic modelling software MATSim is used to run the agent-based evacuation modelling. MATSim simulates the
movements of people based on their journeys with pre-defined plans using a co-evolutionary algorithm. Such an algorithm produces
an optimized final plan conducted by simulating iteratively based on the score representing the agent's utility in terms of distance and
time needed to reach their final destinations [31,32]. Therefore, the final evacuation plan is remarkably close to an ideal situation.
Such an approach is suitable for our case study area (i.e., Kuroshio, Japan) as the evacuation drilling is conducted regularly and the
evacuation infrastructure is well built.

The iteration number and the movement strategy are first determined to perform the agent-based tsunami evacuation. In this
study, the number of iterations is fixed equal to 1,000 for the simple case (single mode) and 5,000 for complex cases (multimodal).
The movement strategy is set up with the following assumptions: (1) 10 % of Reroute to generate a new movement plan based on the
past experience of the agents and (2) 90 % of BestScore to execute a new plan based on the best score up to the current iteration. The
score, U, in the MATSim simulation, is a function of distance and time [12]:

Ui = (ﬁlr X tlr)[ + (ﬁdis Xd),' (1)

where f,. and f4; are the utility parameters for time to travel (t,) and distance (d), respectively. f,. can be negative to represent a situ-
ation where the agent is travelling and not improving the evacuation duration. Consequently, the simulated scores may be negative.

Three aspects are needed to model the movement of the agents in MATSim: links, nodes, and modes. Link and nodes are defined by
the road network, whereas modes are defined based on pre-defined plans. In addition, the number of agents depends on the popula-
tion data in the study areas. In this study, the links and nodes are developed based on the network infrastructure data in the Saga dis-
trict (see Fig. 4a), i.e., ~ 170 nodes are used to connect ~ 330 links (more details are provided in [17]. For the evacuation simulation
purpose, the maximum traffic flow speed is restricted, i.e., 2 m/s and 8.3 m/s for pedestrians and cars, respectively [8,33]. The pedes-
trian speed in the simulation changes depending on the slope of the corresponding links and thus is updated accordingly depending
on the agent's position and the terrain topography. The hiking function of Toblers is used to calculate the change in pedestrian speed
[34]. Using these speed values, the maximum traffic flow capacity can be calculated by multiplying the width and the maximum traf-
fic flow capacity per unit width (i.e., 1.3 persons/m/s and 5 cars/m/s for pedestrians and cars, respectively). Finally, the storage ca-
pacity of the link representing the capacity of the link in agent/m?, i.e., is calculated as the product of the areas (m?) and the maxi-
mum density per unit area (pedestrians/m2 or cars/m?) [12].

Furthermore, the agents' plans are generated using the location/coordinates, departure time, and final destinations. In this study,
the total agents are ~ 2,200 generated from the nine sub-districts of Saga, including Myojin, Kaisho, Hamamachi, Yokohama, Owada,
Shimobun, Machibun, Umaji, and Sakori (Fig. 4b). The departure time is set to 10:00 a.m. as the evacuation simulation is assumed to
occur in the daytime, and the final destination of the agents is the evacuation points (Fig. 4a). Such a departure time is chosen to eval-
uate the evacuation at the most crowded daily scenario since commuters come to Saga district (~500 people) during the daytime for
weekday work. The agents are also assumed to evacuate simultaneously by defining the same initial reaction time, 5 min, because lo-
cal residents are familiar with the evacuation during a disaster due to regular evacuation drilling in the study areas. The agent depar-
ture location is defined as the following: 600 people in houses and 1,600 people at schools, factories, markets, and non-residential
buildings. Most people are outside their houses because it is working hours and school time. Moreover, 600 people inside the houses
comprise 70 % of the older people above 65. In addition, the capacity of evacuation points depends on the transportation modes. For
the pedestrian model, the evacuation capacity is set to be infinite because those points can only be accessed by foot and have suffi-
cient capacity to accommodate the local residents of Saga. However, for the car model, the capacity needs to be limited as those evac-
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uation points cannot be accessed by cars. Hence, the capacity varies from 10 to 100 cars, depending on the parking capacity (more de-
tails are provided in [17].

Simulations are carried out using different scenarios based on the transportation mode used by the agents to the evacuation points.
Therefore, four types of transportation modes are introduced in this study, including (1) single pedestrian model, (2) single car model,
and two models of multimodal combining the pedestrian and car, i.e., (3) 90 % pedestrian — 10 % car (Multimodal — 1: MM1) and (4)
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75 % pedestrian — 25 % car (Multimodal — 1: MM2). Such a setup is used because most of the population in Saga will evacuate on foot,
as the distance from home/office to evacuation points is relatively short. The transportation mode in the MATSim simulation is distin-
guished by the speed, and hence, the speeds of 1 m/s — 2 m/s and 8.3 m/s are used to represent pedestrians and cars, respectively
[35-38]. Those speeds are uniformly distributed depending on the considered scenarios. The agent-based tsunami evacuation model-
ling is finally performed using MATSim based on the input data above.

2.4. Tsunami casualty risk assessment

The casualty risk assessment in this study is evaluated using the number of affected people, i.e., those who do not have enough
time to evacuate and are trapped by the tsunami wave. Such a parameter is calculated by comparing the results of the stochastic
tsunami simulation (i.e., tsunami arrival times at links) and the agent-based evacuation modelling (i.e., tsunami evacuation times at
links). The level of tsunami depth considered to affect the agent during the evacuation is 0.3 m [39,40]. Therefore, the tsunami ar-
rival times involving the number of affected people estimation are defined when the tsunami depth reaches 0.3 m.

A generic agent j is considered entrapped by a tsunami at the node i of the evacuation path K; if the wave arrival time at the same
node (T;) is lower than the agent's arrival time () [12]. During the overall evacuation journey and for the entire transportation sys-
tem, a generic evacuee agent j is considered affected if the minimum of the differences between T; and (t) for all the nodes along the
evacuation path K; of the agent j is lower than zero:

o [7i—15] <0 )

The number of affected people is calculated for each source model from the two magnitude cases (i.e. M8.8 and M9.0). Subse-
quently, the number of affected people estimation may become a stable risk metric for developing a robust decision variable for effec-
tive tsunami evacuation maps in coastal regions.

3. Results and discussion

In this section, the stochastic tsunami hazard assessment results in terms of tsunami hazard level and tsunami evacuation time are
first presented. A total of 1,000 tsunami hazard data from the 1,000 stochastic source models generated from the M 8.8 and M 9.0 sce-
narios are presented. Second, the tsunami casualty risk estimation using agent-based evacuation modelling from different mode sce-
narios is shown, followed by an assessment of the impact of the TET in Saga (Fig. 2d) on the mitigation plan. Finally, a recommenda-
tion for mitigation strategies in tsunami-prone regions is drawn based on the integration of tsunami risk assessment of stochastic
tsunami hazard, exposure, risk, and agent-based evacuation modelling.

3.1. Stochastic tsunami hazard assessment

This section presents a tsunami hazard assessment in Saga in terms of inundation depth maps, tsunami depth, and tsunami arrival
times. The tsunami inundation maps evaluate the effectiveness of assigned evacuation points, whereas the tsunami depth and arrival
time show the risk during the evacuation process. Fig. 5 shows the maximum inundation depth maps for the 50th and 90th percentiles
of the 500 stochastic hazards from each magnitude scenario (i.e. M8.8 and M9.0). These two percentiles represent the critical tsunami
hazard zones in the Saga district. Moreover, the locations of tsunami evacuation points are also plotted along with the inundation
zone to highlight the effectiveness of tsunami evacuation points assigned by the local government.

Fig. 5 confirms that significant tsunami hazards reaching more than 15 m depth can inundate coastal areas of the Saga district
(Fig. 5). Moreover, the existence of the Iyoki River connected to the sea may lead to a significant tsunami hazard in the Saga district.
The worst scenarios (i.e., 90th percentile) for both cases, i.e., M8.8 and M9.0, show that considerable tsunami depths can occur in
the centre of the town due to the flow of tsunami waves from the Iyoki River (>10 m). In general, the assigned tsunami evacuation
points by the local government are located in safe positions. All 17 horizontal tsunami evacuation points (i.e., evacuation to higher
grounds) are situated in non-inundated areas, meaning that the local government developed a well-prepared plan for the evacuation.
Moreover, the locations of evacuation points in high-density population areas (the dash-circle in Fig. 5d) are highly essential to save
people's lives because significant tsunami hazard may occur in those areas. In particular, the TET can be used as a temporary
tsunami shelter for those who cannot go further north to reach the higher-ground evacuation points (Fig. 5). The inundation map
from the worst-case scenario (i.e., the 90th percentile of the M9.0 case) also confirms that the height of the TET is also sufficient (>
20 m) to be entirely functional during the tsunami (Fig. 5d).

The maximum tsunami depth is evaluated for fifteen points along the coast of Saga (Figure 6a). The stochastic tsunami simulation
model has successfully captured the uncertainty of tsunami depth, displaying the variability of maximum tsunami depths along the
coast (Figure 6b and c). The results clearly show that the maximum tsunami depth is significantly high for both magnitude scenarios
(i.e., M8.8 and M9.0), reaching more than 20 m (Fig. 6b and c). Such a value may produce extensive social and economic losses. Fur-
thermore, tsunami arrival times of 0.3 m deep water at the 15 points are presented (Fig. 6d and e). The tsunami arrival time ranges
between 5 and more than 60 min. The majority of the simulation results are centred around 20-30 min. In general, the results high-
light that the assigned tsunami evacuation points are incredibly important to save the local population as the tsunami may arrive very
quickly (i.e., 5 min). Therefore, the community reaction time for this region needs to be at most 5 min so the people can evacuate
from the coastal areas safely.
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Fig. 5. Tsunami inundation maps of M 8.8 (a and b) and M 9.0 (c-d) case taking at the 50th and the 90th percentiles.

3.2. Tsunami evacuation time and casualty risk assessment

To evaluate the impact of using different transportation modes during the evacuation, the agents' evacuation time in the form of
spatial plots and histograms produced from the four models are presented in Fig. 7. Statistical data of agents' evacuation times, includ-
ing mean and standard deviation, are also shown in the figure.

The pedestrian model performs the best compared to the other transportation modes, showing the quickest evacuation time with
an average of 9.7 min (Fig. 7a and b). The spatial plot from the pedestrian model also highlights that the agents have sufficient time to
evacuate to the safe areas. Most of the agents have evacuation times between 5 and 15 min. The evacuation times from the multi-
modal models are also almost identical with slight evacuation time differences of mean and standard deviation, i.e. 10.4 vs 10.7 min
and 4.2 and 4.7 min, respectively (Fig. 7e-h). In addition, the multimodal model produces only 1 min slower evacuation time com-
pared to the pedestrian model because of sufficient evacuation capacity for 600 car users (25 % of the total agents). On the other
hand, the car model performs the worst among the three transportation modes. About 300 agents are found to have more than 25 min
of evacuation time and are highlighted with the red dots distributed around the coast and the densely populated areas (Fig. 7c). The
average evacuation time for the car model is also ~ 4 min slower than the pedestrian model (Fig. 7d vs Fig. 7b). Notably, the evacua-
tion time produced from the MATSim simulation is an optimized scenario where the plan is executed ideally. Such an approach may
suit a well-prepared country against disasters like Japan, as evacuation drilling is carried out regularly. Therefore, when the MATSim
simulation is implemented in other regions, some adjustments in the simulation setup need to be adopted, e.g., longer initial reaction
time or undefined evacuation plans because of no regular drilling. Moreover, the daytime evacuation may also influence the evacua-
tion duration. Nighttime evacuation may take longer due to the difficulty in accessing the network and the longer initial reaction
[14].

Subsequently, the number of affected people is calculated by integrating the tsunami arrival times from the 500 stochastic models
for each magnitude case (i.e., a total of 1,000 models) and the times during evacuation. The probability of the number of affected peo-
ple generated from different transportation modes is further presented in Fig. 8. From the perspective of casualty risk assessment, the
car model may also lead to significant risk due to the arrival of the tsunami in the Saga district. The results from both magnitude cases
indicate that at least ~ 200 people may be trapped by the tsunami during their evacuation process, with a maximum affected people
number of about 1,000 people (see black lines in Fig. 8a and b). Moreover, about 40 % probability of having 500 to 1,000 people af-
fected by the tsunami is found for both magnitude cases when the car is used as a transportation mode to the evacuation points. Such
a number is significantly different in comparison to the other three modes. The comparison at a 35 % probability level at an M9.0
magnitude case shows that the tsunami will affect about 10 and 100 people for the pedestrian and the two multimodal models, re-
spectively. The number increases three times more than the pedestrian model when the car model is considered, i.e., reaching ~ 1,000
people. Generally, the pedestrian model performs the best with the lowest number of affected people, followed by the MM1 and MM2,
respectively. Both multimodal models also produce similar results with the pedestrian model with a maximum affected people num-
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Fig. 6. Maximum tsunami depth (b—c) and arrival times (d—e) along the coast of the Saga district for the magnitude of M8.8 (b and d) and M9.0 (c and e).

ber of ~ 200 people. In addition, these results suggest that it is highly recommended not to use a car during the evacuation when the
tsunami warning is issued. The capacity of evacuation in the car model is limited by space and total road areas close to the evacuation
points (see [17] for details). Therefore, the use of cars may result in congestion and queuing during evacuation. Most of the popula-
tion should evacuate by foot. Car evacuation may be an option, but it is not recommended to be used in the first place. Otherwise, a
significant risk may occur during the evacuation once the number of cars used by the local people is high (> 25 % of the total popula-
tion).

3.3. Impact of tsunami evacuation tower on risk reduction

The existing TET is extremely useful in tsunami-prone areas to reduce fatalities. Hence, this section aims to evaluate the effective-
ness of TET in fatality risk reduction. The cases from four different transportation modes with PassingQ are presented in simulated
scores, evacuation times, and affected people to assess the impact of TET on saving people's lives. Three types of scores are considered
in this evaluation, including the average best score (red line), average score (blue line), and average worst score (black line).

Fig. 9 presents the simulated scores from eight models of both with (right panel) and without (non-TET; left panel) TET generated
from four different modes: pedestrian (Fig. 9a and b), car (Fig. 9c and d), MM1 (Fig. 9e and f), and MM2 (Fig. 9g and h). The TET
does not influence the pedestrian model scores, as both show constant scores at the level of 115 (this result is because the size of the
pedestrian agent, compared to the width of the infrastructure, is such that it is impossible to have congestion). The change can be
seen clearly for the car model, where the worst average score for the TET model is lower than the non-TET model, resulting in lower
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average scores. Such a trend is due to the limitation of the link's capacity surrounding the TET areas where congestion can occur.
However, the existing TET may add an extra evacuation option for the agents. Hence, the evacuation route may be shorter with the
TET for the agents near the TET. Consequently, the uncertainty of scores for the TET model is less than the non-TET model; it ranges
from —10 to 10 and O to 50 for the TET and non-TET models, respectively. Because of a small percentage of the car (i.e., 10 %), the
impact of the TET is also insignificant for the MM1 case. The scores of MM1 for both TET models range from 90 to 110. The score
differences are more noticeable when the MM2 is considered, where the worst average score for the TET model is slightly lower than
the non-TET model. In general, the existing horizontal evacuation points to the higher ground are sufficient to accommodate the lo-
cal residents in Saga. Hence, the existence of TET does not significantly impact the overall simulated scores involving all agents, par-
ticularly for the non-car model.
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The spatial plots and histograms of evacuation times, along with the mean and standard deviation, are presented in Fig. 10 to eval-
uate the performance with and without the TET models. Generally, TET's existence significantly reduces the evacuation time of agents
close to the TET. The results of the TET model from all types of transportation modes demonstrate the change in tsunami evacuation
time at the central Saga, where the TET is located. For instance, the agents' evacuation time located near the TET for the pedestrian
model decreases from 15 min to 5 min owing to the existence of TET (Fig. 10a and c). The drastic change may also be seen for the car
model when almost no agents have more than 30 min evacuation times for the TET model compared to the non-TET model (i.e., ~
100 agents have evacuation times of >30 min; Fig. 10e-h). In addition, the multimodal models show a similar trend with quicker
evacuation times of the agents located near the TET (i.e. 15 and 5 min of agents' evacuation times located near the TET for the non-
TET and TET models, respectively; Fig. 10i-0). However, the overall trend shows that the TET only affects the agents' movements
close to the TET, and the other agents still have access to the higher ground evacuation points. Subsequently, the average and stan-
dard deviation of evacuation time of the agents from the non-TET model are only ~ 1 min slower than the TET model. This also em-
phasizes that the current evacuation points at high grounds are effective as they can sufficiently accommodate the residents of the
Saga district during the tsunami event.

The probability of the number of affected people in all models is further calculated and presented in Fig. 11. The change in terms
of the probability of the affected population is insignificant for all models. However, in general, for the TET model the probability is
slightly smaller with respect to the non-TET model. Such a small change is because of the following reasons. First, the TET only signif-
icantly shortens the agents' evacuation times near the tower; hence, the impact on overall agents is insignificant. Second, the most
critical agents are located close to the coastal line and the river, whilst the TET is located near the centre of Saga, relatively far from
the coast. Subsequently, the critical agents trying to access the TET may already be affected by the tsunami during the evacuation,
leading to a slight change in the number of affected people. Moreover, the numbers of affected people for the car model in both TET
and non-TET models and the two magnitude cases (M8.8 and M9.0) are still significant (>200 people). Therefore, it is not highly rec-
ommended to use the car as a means of evacuation (Fig. 11). On the other hand, the other transportation modes show a relatively
small number (maximum of 100 people) of affected people compared to the car model, even with the existing TET. However, there is
a significantly different number of affected people for the MM2 model between the non-TET and TET models for the case of M9.0 at
the 40 % probability level, i.e., 15 agents are affected for the TET models in comparison to the 40 affected agents in the non-TET mod-
els (56 % difference).

To clearly see the impact of TET on the evacuation, the spatial plots of affected agents due to the tsunamigenic event of M9.0 are
displayed. Figs. 12 and 13 show the median and the 90th percentile of the affected people generated from the 500 M9.0 stochastic
models. The 90th percentile may represent the worst-case scenario during the evacuation. The red dot represents the affected people,
with their total number written in each figure, while the white dot shows the non-affected people. The trend of affected people may
not be obviously seen at the median level as the number of affected people for all cases except for the car model is zero. These results
show that at the median level, the Saga residents are generally not affected by the tsunami unless the majority evacuate to the evacua-
tion points using a car. Moreover, higher-ground evacuation points are sufficient to accommodate all residents as the non-TET model
for the median case from the three models (i.e., pedestrian, MM1, and MM2) shows zero affected people (Fig. 12a and b and Fig.
12e-h). In contrast, the distribution of affected people may be noticeable for the worst-case scenario (i.e., the 90th percentile case), as
shown in Fig. 13. The figure indicates that the critical agents are close to the coastal line and the Iyoki river. For the pedestrian and
the two multimodal models, the agents located in the harbour and markets near the coast are majorly affected by the tsunami, with
the number of affected people reaching 140 people (Fig. 13a and b and Fig. 13e-h). Those who work in the fish company and the mar-
ket on the southeast coast of the Saga district may also be severely affected by the tsunami. In all cases, some affected agents are lo-
cated in those areas, particularly in the car model case. More importantly, the impact of the TET may be detected through these spa-
tial plots. In general, the affected agents can still be shown at the centre of Saga, where the TET is located, particularly for the non-
TET model. The existence of the TET saves those people, and the number of affected people near the TET is finally reduced.
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4. Recommendation of mitigation strategies

An extensive study integrating stochastic tsunami hazard, exposure, risk, and agent-based evacuation modelling has been carried
out in the Saga district, Kuroshio, Japan. In addition, detailed investigations on agent-based evacuation modelling using MATSim, in-
cluding evaluating the iteration number of simulation, the evacuation modes, the dynamic of the links, and the existing tsunami evac-
uation points, have also been done. The results from these investigations may subsequently be used to recommend the following miti-
gation strategies learned from the Japanese experience.

First, the evacuation points on the higher grounds need to be assigned by the local government of the tsunami-prone regions. The
evacuation option to the higher ground has to be distributed near high-density populated areas. The evaluation of designated higher-
ground evacuation points in the Saga district has indicated that those points successfully reduce evacuation times and save people's
lives (Fig. 10). Second, those higher ground evacuation points are recommended to be placed at larger flat areas to accommodate a
significant number of people (hundreds of people). All of the evacuation points in the Saga district have these two features: (1) lo-
cated on higher grounds (>20 m) and (2) have large areas of evacuation (i.e., can accommodate hundreds of people; Fig. 4b). Third,
evacuation points need to be easily accessible and connected to the main road networks. Moreover, clear signs at those evacuation
points along the network may need to be appropriately installed to lead the people to safe areas and reduce congestion during the

12
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evacuation. Fourth, the tsunami evacuation tower is highly recommended to be built appropriately and placed in densely populated
areas where congestion is expected to occur during the evacuation. The location of the TET in Saga is an excellent example of locating
the tsunami evacuation tower, which is placed near the centre of Saga district with densely populated areas (Fig. 1b and c). Fifth, it is
highly recommended to evacuate on foot. Evacuating using a car or motorbike may lead to congestion and increase the risk of getting
affected by the tsunami [17]. The case in Saga has also demonstrated such a recommendation as the car evacuation model produces a
longer evacuation time and the highest number of affected people by the tsunami (> 1,000 people; Figs. 7 and 13). Sixth, the popula-
tion most at risk is located near the coast and the river, and hence, a possible tsunami shelter with sufficient height (>15 m) may
need to be assigned close to those areas. Such a shelter may be used as an emergency evacuation shelter as the people may get hit by
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the tsunami during the evacuation to the far evacuation points. Finally, the evacuation route needs to avoid the network near the
coast and the river.

In addition, the proposed framework can generally be adopted for tsunami risk assessment in other tsunami-prone countries. How-
ever, several aspects need to be updated to consider the regional features of the applied regions. First, the level of evacuation readi-
ness in terms of evacuation points availability and the drilling frequency may define the evacuation setup in agent-based modelling.
The availability of evacuation points may determine the final destination of the evacuee, whilst the evacuation drill frequency may be
used to set up the evacuation route. The evacuation points must be pre-defined before the simulation with various assumptions and
simplifications when the study areas do not have the proposed evacuation point. Moreover, the study area with low evacuation drill
frequency may not use the shortest evacuation route to the safe points as the agents may use different routes with respect to the short-
est path. Second, the type of transportation mode needs to consider the typical local transportation mode, e.g. in Indonesia it is better
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to use pedestrians and motorbikes for evacuation than on foot and cars like in Japan [17]. Third, the variation of departure time can
be used to evaluate more evacuation cases to define the most vulnerable period for evacuation.

5. Conclusions and limitations

This research presented for the first time an integration of stochastic tsunami hazard, exposure assessment, and agent-based evac-
uation modelling to develop a comprehensive framework for tsunami casualty risk assessment aimed at risk management and deci-
sion-making. Such a framework was applied to the Saga district of Kuroshio, Japan. The case study was deemed of interest following
past investigations on the tsunami hazard [21,22], tsunami risk [3,8,23]; [19] [7,9], and tsunami evacuation [17]. Such initial studies
were convoluted for the first time in a multi-disciplinary way to obtain a rational, integrated framework.

First, the stochastic earthquake source models for the magnitude values of M8.8 and M9.0 were simulated for the Nankai-
Tonankai thrust and further adopted as a starting point for the tsunami propagation and inundation. Second, the results in terms of
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stochastic tsunami hazards were prepared and processed at each link and node of the transportation network to carry out the risk as-
sessments later. Third, a comprehensive agent-based tsunami evacuation modelling using MATSim was performed. A sensitivity
analysis was also conducted on the simulation parameters, including the number of iterations, transportation modes (e.g., pedestrians
only, pedestrians, and cars), and the dynamics of the link (i.e., queue management). The impact of a tsunami evacuation shelter as a
mitigation strategy was also implemented in some evacuation scenarios and assessed for efficiency. Recommendations on tsunami
mitigation strategies were finally defined based on the framework results.

A significant tsunami hazard was anticipated for the case of M9.0 in the Saga district, with a tsunami depth of 10 m and 15 m
along the coast and the Iyoki River, respectively. The tsunami arrival time ranged between 5 and 30 min. In this study, the worst-case
tsunami inundation map (i.e., 90th percentile for the M9.0 scenario) was further used to evaluate the 17 evacuation points defined by
the local government. It showed that those evacuation points are well placed as they are located outside the inundation areas. Fur-
thermore, the existing TET, being taller than 20 m, was also judged effective as it stands above the expected tsunami depth level
(maximum of 15 m). Therefore, the TET can effectively accommodate the residents at the centre of Saga, which is the district's most
densely populated area.

Regarding evacuation suggestions, the local population in Saga is highly recommended to evacuate on foot and not to use the car
as a means of transportation during the evacuation. Using the car may cause congestion, leading to a higher number of affected agents
(i.e., in the case of Saga, the number of affected agents can be more than 1,000 people). Some people may use cars to access the evacu-
ation points, but it is recommended that no more than 25 % of the population use the car to reduce risk during the evacuation. Fi-
nally, it was found that the existence of a TET has a significant impact on the population located closer to the TET. However, it had an
insignificant effect globally because of the sufficient number of higher-ground evacuation areas.

Moreover, some limitations of this research are the following. First, the optimized MATSim simulation procedure setup in this
study may result in an ideal situation suitable for a well-prepared disaster country (e.g. Japan); therefore, adjustments in the setup of
MATSim simulation are needed for other regions. Second, the departure time is the same for all agents. Future studies need to address
the different behaviour of each agent in reacting to evacuation; hence, the departure time should be defined as variable per agent
(e.g., age-dependent). Third, only the daytime scenario is investigated in this study. Variations in departure time (i.e., daytime vs
night) may need to be considered for future studies. Finally, our agent-based evacuation modelling results have not been validated us-
ing real drilling or past tsunami evacuation data. Future studies will need to validate such an agent-based evacuation modelling
against data if available.
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