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Abstract

Coastal regions located near subduction zones are highly exposed to megathrust-generated tsunamis that threaten
coastal communities and critical infrastructures. This study investigates the effectiveness of structural, nature-based,
and hybrid defense systems in mitigating tsunami inundation under a worst-case scenario of a Mw 8.8 subduction
earthquake. Using available high-resolution bathymetric and topographic data, eight mitigation scenarios were
simulated, including seawalls of 5, 10, and 15 meters in height and a 200-meter-wide Casuarina equisetifolia forest
belt, individually and in combination. Results indicate that vegetation alone and low seawalls offer limited protection,
while a 10-meter seawall substantially reduces inundation area and depth. The 15-meter seawall provides the highest
level of protection, almost eliminating tsunami flooding across critical facilities. When combined with vegetation,
the hybrid approach enhances performance by dissipating overtopping energy and reducing residual flooding.
Temporal analyses reveal that higher seawalls also delay tsunami arrival, providing valuable time for emergency
response. These findings highlight the importance of multi-layered, hybrid mitigation strategies that integrate
engineered structures with ecological components to enhance the resilience of coastal infrastructure. The study
provides insights that can inform global efforts to protect vital coastal assets from future megathrust tsunami events.

Keywords:
tsunami inundation, numerical modelling, tsunami mitigation scenario, megathrust, seawall, nature-based solution

1. Introduction

Tsunamis are a great threat to the coastal areas affecting by seismic zones. Although the probability of seismic
tsunami occurrence is low, once it occurs, it may cause catastrophic damage and heavy casualties. Over the past two
decades, Indonesia has endured several major tsunami disasters that have left deep scars on the nation’s history. The
26 December 2004 Indian Ocean tsunami, triggered by a massive Mw 9.3 megathrust earthquake off the coast of
Sumatra (Rabinovich et al. 2006; Lauterjung et al. 2010), remains one of the deadliest natural disasters in recorded
history. The waves propagated across the Indian Ocean, claiming more than 230,000 lives in multiple countries
(Bernard and Titov 2015), with Indonesia suffering the largest number of fatalities. In addition to the staggering
human toll, the event caused unprecedented economic losses, displaced millions of people, and severely damaged
coastal ecosystems.

Other tsunami events in Indonesia have demonstrated the diversity of tsunami generation mechanisms. For
example, the 2018 Palu tsunami was primarily triggered by an underwater landslide associated with a strike-slip
earthquake (Setyonegoro et al. 2024; Heidarzadeh and Mulia 2022), whereas the December 2018 Sunda Strait
tsunami resulted from a slope collapse of the Anak Krakatau volcano (Dogan et al. 2021; Muhari et al. 2019). Both
events occurred without significant ground shaking in some affected areas, which reduced the effectiveness of
conventional earthquake-based early warning systems. These tsunamis caused hundreds of deaths, thousands of
injuries, and the destruction of critical infrastructure. This further illustrates the urgent need for comprehensive
mitigation strategies tailored to Indonesia's unique hazard profile.

One region of particular concern is the southern part of Java Island, which is directly influenced by the tectonic
dynamics of the Sunda Subduction Zone (Luschen et al. 2011; Xie et al. 2023). In this zone, the Indo-Australian Plate
subducts beneath the Eurasian Plate, potentially creating an extensive megathrust fault capable of generating massive
earthquakes and tsunamis. The Central Java—East Java segment of the subduction zone has experienced several large-
magnitude seismic events in the past century, including the Mw 8.1 earthquake in 1916 (Griffin et al. 2019), the Mw


mailto:yudhi.prabowo@brin.go.id

60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104

105
106

107
108
109
110
111
112
113
114
115
116
117

7.8 earthquake in 1994 (Synolakis et al. 1995), and the Mw 7.7 earthquake in 2006 (Lavigne et al. 2007). Historical
and geological evidence suggest that the recurrence of such events is inevitable. Seismologists have warned that a
future Mw 8.8 earthquake could occur along this segment, producing a tsunami with devastating impacts (Irsyam et
al. 2017; Widiyantoro et al. 2020; Zhao et al. 2025; Harris et al. 2024).

Yogyakarta International Airport (YIA) is a critical infrastructure located within this high risk coastal zone
(Kongko and Hidayat 2014). Situated on the southern coast of Central Java, YIA lies within the modeled tsunami
inundation area for potential large magnitude offshore earthquakes. The airport was constructed as a replacement for
Adisutjipto International Airport to accommodate higher passenger volumes, larger aircraft, and international routes,
thereby supporting the region's economic growth and tourism sector. Beyond its economic role, YIA has strategic
importance for disaster management, serving as a hub for evacuation operations, logistical support for humanitarian
aid deployment, and the distribution of emergency supplies during crises (Dewatama and Ikaputra 2021). However,
its proximity to the coastline and its location within a tsunami hazard zone make it highly vulnerable to wave impacts
and structural damage. Numerical simulations and hazard assessments indicated that tsunami wave heights in this
region could reach up to 20 meters in the worst case scenario (Prabowo et al. 2024; Wulandani et al. 2024), posing a
severe threat to airport facilities and surrounding communities.

Given these risks, the protection of YIA and its surrounding area requires a combination of engineered defenses
and nature-based solutions. Structural measures such as seawalls have been employed in tsunami-prone countries,
such as Japan (Raby et al. 2015) and Netherlands (de Ruig 1998), to provide immediate physical barriers against
incoming waves. Properly designed and constructed seawalls may reduce inundation depth and velocity, thereby
minimizing damage to infrastructure located behind them. However, seawalls alone may not be sufficient, as they
can be overtopped or structurally compromised during extreme events. Additionally, their construction and
maintenance require substantial financial investment and may have ecological consequences.

In recent years, there has been increasing recognition of the importance of integrating nature-based solutions into
coastal defense systems (Zanin et al. 2024; Boulenger et al. 2024). Coastal vegetation, particularly dense tree belts,
may provide sustainable and multifunctional protection against ocean waves while also offering ecological and social
benefits (van Veelen et al. 2021; Haghdoost and Azamathulla 2024). Among the various species considered for such
purposes, Casuarina equisetifolia (commonly known as “Cemara udang” tree in Indonesia) has shown considerable
potential in attenuating wave energy (Samarakoon et al. 2013; Chen et al. 2025). This tree species thrives in sandy
and saline environments, exhibits high wind resistance, and contributes to coastal soil stabilization through its
extensive root systems. Previous studies have demonstrated that Casuarina belts may reduce the strength and depth
of wave inundation, particularly when planted in wide and dense configurations (Samarakoon et al. 2013; Tanaka et
al. 2007). The effectiveness of such vegetation barriers depends on several factors, including tree height, trunk
diameter, spacing, density, and the width of the belt (Chen et al. 2025; Mukherjee et al. 2023). Moreover, Casuarina
trees can be integrated with other protective features, such as sand dunes (Ndiaye et al. 1993; Martinez and Kolega
2013) or engineered structures (Morris et al. 2023; Lawrence and Nandasena 2019), to form hybrid defense systems
that enhance resilience while preserving coastal landscapes.

The novelty of this study lies in the multi-mitigation scenario modeling using the highest available spatial-
resolution bathymetric and topographic data applied to the Yogyakarta International Airport area, one of Indonesia’s
most strategic coastal infrastructures. This study aims to assess the effectiveness of various mitigation scenarios
involving a Casuarina tree belt and seawall, both individually and in combination. Using numerical modeling
techniques, we simulated tsunami inundation patterns under different mitigation scenarios to assess their capacity in
reducing hazard exposure. The analysis considers several performance indicators, including the maximum inundation
depth, spatial extent of flooding, arrival time of tsunami waves, and the reduction in inundation area relative to the
unprotected baseline scenario. By addressing the performance of hybrid defenses in the context of a modern airport,
this work contributes to the global body of knowledge on tsunami risk reduction for critical coastal infrastructure.

2. Materials and methods
2.1. Site description

The research study focuses on the coastal areas around Yogyakarta International Airport (YIA), Indonesia. YIA is
a major transportation hub that began operating in 2019, replacing Adisutjipto International Airport as the main
airport. Geographically, the airport area is very close to the coastline with a distance of about 900 meters from the
coastline and is flanked by two rivers on its east and west sides: the Bogowonto River (west) and the Serang River
(east). When a tsunami occurs, the presence of these two major rivers may pose a significant risk as they can influence
the direction, extent, and distribution of tsunami wave propagation around the airport area.

This study was conducted along a 14-kilometers stretch of coastline (see Fig. 1). The coastline is characterized
by a straight shoreline, primarily oriented toward the south—southwest. There is a slight difference in the bathymetric
profile between the western and eastern sides of the airport. On the western side, the seafloor drops off sharply
offshore, whereas on the eastern side it slopes more gradually. The topographic is generally flat, with terrain
elevations ranging from 0 to 36 meters above mean sea level and an average elevation of approximately 8 meters.
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The land cover across the sand dunes is predominantly composed of agricultural land and forested areas, with
Casuarina equisetifolia being the dominant tree species of the forest.
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Fig. 1. Study area

Fig. 1 illustrates the research location used to determine the proximity of the subduction zone to Yogyakarta
International Airport. The airport area lies within the subduction zone, which is formed by the convergence of the
two tectonic plates. When a major offshore earthquake occurs, it can generate tsunami waves that can reach the coast
within minutes, leaving little time for evacuation or emergency response. The speed of tsunami wave propagation is
influenced by ocean depth. In deep waters, waves can travel faster and reach hundreds to thousands of kilometers per
hour with low wave heights. In contrast, as the waves approach shallow coastal areas, their speed decreases and wave
heights increase (Tandel et al. 2022; Varsoliwala and Singh 2021; Kakinuma and Kosugi 2025).

2.2. Tsunami simulations

This study employed the Non-Linear Shallow Water Equations (NLSWE) using the TUNAMI-N3 model.
TUNAMI-N3 is a modified version of TUNAMI-N2 (Imamura et al. 1995), which is based on linear theory in deep
ocean, shallow water theory in coastal regions, and runup processes on land using variable grid resolutions
(Heidarzadeh et al. 2009; Harig et al. 2008). TUNAMI does not directly use fault data, but requires an initial wave
derived from a fault model.

The tsunami scenario modeled in this study was generated using a hypothetical megathrust earthquake with a
magnitude of Mw 8.8 (Irsyam et al. 2017), located along the southern Java subduction zone. This event was designed
to reflect the worst case scenario based on historical seismicity for this study area. The earthquake source was
modeled using a multi-segment fault approach which consists of three fault segments. Each segment was defined by
specific geophysical parameters, including location, depth, fault geometry, and rigidity. The earthquake fault
parameters are presented in Table 1. Vertical seafloor displacements (D) resulting from this fault configuration were
calculated using the Okada (1985) model. The fault dimension (L and W) was determined using the method of Wells
and Coppersmith (1994) empirical relations, while rigidity values were set as depth-dependent and calculated
following the approach of Lay et al. (2012) The resulting seafloor uplift and subsidence were then used as initial
conditions for tsunami generation in the numerical model (Fig. 2). This fault configuration was used to represent a
large-scale faulting event that could generate tsunami waves with the potential for significant inundation on land.

Table 1

The fault parameters of the seismic event used for the tsunami simulation

Scﬁ?;o Fault Epicenter Mag Depth Strike Dip Slip L 4 D Rigidity
[Mw] Longitude  Latitude MWl [Km] [Deg] [Deg] [Deg] [Km] [Km] [Km] [Gpa]

1 108.320291  -9.096980 8.5 23.0 288.0 10.0 90.0 160.0 100.0 18.0 26
8.8 2 109.797659  -9.457861 8.6 220 2790 16.0 90.0 160.0 100.0 22.5 24
3 111.333233  -9.552373 8.5 23.0 2680 16.0 90.0 160.0 100.0 18.0 26
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Fig 2. Initial tsunami wave height at the source of the earthquake

A multi-domain (nested grid) system was implemented to simulate the tsunami wave propagation from its source
to the area of interest with increasing spatial detail (Fig. 3). The system consists of five computational domains with
progressively finer spatial resolutions at each domain level (Table 2). The resolution ratio between successive
domains was set at 3:1. Domain 1 has the coarsest resolution and was designed to cover the initial tsunami wave
propagation in the deep ocean, while Domain 5 has the finest. The coarsest domain (Domain 1) has a spatial resolution
0f21.016 arc seconds (approximately 648 meters) and encompasses a wide area from 5.19°S to 10.90°S and 107.06°E
to 114.13°E. As the waves propagate toward the coast, the simulation transitions through increasingly finer domains:
Domain 2, Domain 3, Domain 4, and Domain 5. The finest domain (Domain 5) has a resolution of 0.259 arc seconds
(approximately 8 meters) and was used to simulate detailed inundation dynamics in the YIA area. In all domains,
both water depth and land elevation are referenced to mean sea level, which is also assumed to represent the ambient
sea level for the tsunami simulation.

Domain 1
. 3

6 A Java Sea

Longitude

Fig. 3. Configuration of the nested grid system used in the numerical simulation. The model consists of five
computational domains (Domain 1 to Domain 5), each with increasingly finer spatial resolution, centered
around the southern coast of Java Island near Yogyakarta International Airport.
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Table 2
Detailed parameters of the nested grid system used in the tsunami simulations
. Domain coverage Domain resolution (dx, dy)  Time step (dt) .
Domain Top left Bottom right [arc second] [meter] [second] Tsunami model
1 107.0679, -5.1982 114.1376, -10.9018 21.016 648 1.0 Linear
2 109.3032, -7.4899 110.8541, -8.58550 7.005 216 0.8 Linear
3 109.6649, -7.6863 110.4687, -8.24420 2.335 72 0.5 Linear
4 109.8530, -7.8227 110.2484, -8.01000 0.778 24 0.3 Non linear
5 109.9988, -7.8771 110.1142, -7.93620 0.259 8 0.2 Non linear

In this study, we conducted a series of tsunami mitigation simulations using seawalls of varying heights and
coastal vegetation, specifically Casuarina equisetifolia. All tsunami simulations were carried out over a 90-minute
period to model wave propagation from the offshore earthquake source to the study area. These scenarios aim to
evaluate the effectiveness of structural and nature-based solutions in reducing tsunami inundation, either individually
or in combination. The series of tsunami mitigation simulations conducted in this study are as follows:

1. Baseline Scenario (No Barriers)
This scenario represents the existing natural conditions without any structural or vegetative barriers. Surface
roughness was defined solely based on existing land cover classifications. This baseline scenario serves as a
reference for assessing the effectiveness of the following seven mitigation scenarios.
2. Casuarina Forest
This scenario adopts a nature-based solution by modeling a 200-meter-wide dense forest barrier of Casuarina
equisetifolia trees along the coastline as a natural defense mechanism. The vegetation is characterized by
specific physical attributes, such as trunk diameter, tree density, and height, which increase surface roughness
and friction. This roughness is expected to slow down and dissipate the energy of incoming tsunami waves,
thereby reducing both the extent and depth of inundation on land.
5-Meter High Seawall
10-Meter High Seawall
5. 15-Meter High Seawall
Three seawalls of varying heights were implemented to block tsunami wave propagation and reduce inland
inundation. Seawalls are modeled as a rigid, impermeable structure aligned along the coastline. These
scenarios investigate whether increasing wall height would continue to yield significant reductions in tsunami
impact.
Combination of Casuarina Forest and 5-Meter High Seawall
Combination of Casuarina Forest and 10-Meter High Seawall
8. Combination of Casuarina Forest and 15-Meter High Seawall
These three scenarios simulate hybrid mitigation systems by combining the vegetation barrier with the
seawalls of varying heights to simulate the maximum protection that may be achieved through an integrated
approach. It is used to assess the effectiveness of combining natural and structural defenses in extreme
scenarios.

In the numerical simulation, the effect of the coastal forest is represented as a resistance force, composed of both
drag and inertia components. Equations (1) and (2) are the resistance coefficients, where Cp is the drag coefficient;
V, is the volume of tree under water surface in a constant volume; ¥V is the volume of water in a constant volume; C,
is the inertia coefficient.

B

N

Cp=842+066 (0.01<:2<007) )

Cy = 1.7 )

To examine the tsunami attenuation effect provided by coastal forests, numerical simulations of tsunami run-up were
performed, incorporating the resistance effect of the modeled forest. The governing equation used for the numerical
simulation is the momentum equation in x and y directions (3) and (4) with the hydraulic resistance force by coastal
forest, which is modelled by Morison’s equation (Harada and Imamura 2000). where: M and N is the flux discharge;
D is the total depth; 7 is the water level; n is the Manning roughness coefficient; A, is the projected area of trees
under the water; Ax and Ay is the grid spatial size and g is the gravitational acceleration.

oM | 9 M? d (MN on , gn? n75 T o7 4 Cp Ao MVMZ+N? VoM

6t+6x( )+6y( )+gD +D7/3M M*+N +2AxAy D2 CMVat =0 G)
ON | 9 (N? o (MN an | gn? 7 Tz L Cp Ao NVMZ+N2 VoON

6t+6x( )+6y( )+gD +D7/3N M*+N +2AxAy D2 CMVat =0 )
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2.3. Data preparation

Modeling tsunami inundation is influenced by several factors, including topographic slope (Yamaguchi and
Sekiguchi 2015; Fathianpour et al. 2024), earthquake source strength (Cheng and Weiss 2013; Geist and Yoshioka
1996), the distance between the study area and the source (Yoshii et al. 2018; Satake et al. 2022), the surface
roughness coefficient (Wuthrich et al. 2019; Kaiser et al. 2011), and the simulation duration (Yoshii et al. 2017,
Fukutani et al. 2023). These parameters were used to calculate the extent of inundation on land. This study employed
a combination of high-resolution bathymetric and topographic datasets to simulate tsunami wave propagation and
inundation. The bathymetric data were obtained from BATNAS with a spatial resolution of 6 arc seconds, while
topographic data were sourced from DEMNAS with a finer resolution of 0.27 arc seconds. Both datasets were
provided by the Geospatial Information Agency (Badan Informasi Geospasial 2024). To accurately simulate tsunami
wave propagation and inundation, the bathymetric and topographic data were integrated into a unified elevation
model. Bathymetric data are generally reliable for oceanic regions but less accurate for land elevations. Conversely,
topographic data provide accurate representations of terrestrial areas but are inadequate for underwater terrain. In
this study, both datasets were merged to generate a comprehensive digital elevation model (DEM) that captures the
full terrain profile from deep sea regions to inland areas. Since bathymetric and topographic data typically originate
from different sources and have varying spatial resolutions, a resampling procedure was conducted prior to
integration. Bilinear interpolation was applied to resample both datasets to a resolution suitable for tsunami modeling.
Elevation values for water-covered areas were exclusively derived from the bathymetric dataset, while those for land
areas were obtained from the topographic dataset.

To simulate tsunami mitigation scenarios involving seawalls, the DEM needs to be modified to represent the
presence of a tall artificial coastal barrier (Fig. 4). The seawall, approximately 10 kilometers in length and 20 meters
in thickness, is designed to protect infrastructure within the airport area. Specifically, elevation values along the
designated seawall were elevated according to the intended seawall heights: 5 meters, 10 meters, and 15 meters above
mean sea level. The placement of the seawall was determined based on a buffer zone along the coastline adjacent to
vital infrastructure, particularly around the YIA area. To reflect its artificial surface characteristics, the Manning’s
roughness coefficient for the seawall area was set to 0.06. This value, corresponding to man-made structures such as
concrete walls, accounts for the increased surface resistance typically associated with engineered constructions. The
integration of modified elevation data and seawall parameters enables the simulation model to realistically represent
coastal defense measures. These adjustments are essential for assessing the effectiveness of structural mitigation
under various tsunami hazard conditions. By modifying both elevation and surface roughness parameters, the model
can more accurately simulate the blocking of water inundation, thereby supporting comprehensive tsunami risk
assessments for nearshore infrastructure such as airports.

Latitude
[4219W] uonens|3

40

110.0 110.01 110.02 110.03 110.04 110.05 110.06 110.07 110.08 110.09 110.1 11011
Longitude

Fig. 4. Modification of the Digital Elevation Model (DEM) to represent the presence of seawall structures
along the coastline. The seawalls are indicated with red annotations.

In addition to bathymetric and topographic data, land cover information also plays a critical role in accurately
modeling flow resistance during tsunami wave propagation. This resistance is commonly represented by the
Manning’s roughness coefficient, which influences the velocity and behavior of tsunami waves as they travel across
land surfaces (Kaiser et al. 2011; Bricker et al. 2015). Therefore, an accurate representation of surface characteristics
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is essential for enhancing the reliability of numerical simulations. In this study, surface roughness values were derived
from land cover maps that were manually digitized through visual interpretation of high-resolution Google satellite
imagery. Various land cover types in the area surrounding Yogyakarta International Airport were identified and
classified using Geographic Information System (GIS) software. Land cover under existing conditions was
categorized into four distinct classes: water, open flat land, vegetation, and man-made buildings (Fig. 5). Each pixel
cell was assigned a Manning’s roughness coefficient corresponding to its land cover class. The roughness values for
water, open flat land, vegetation, and man-made buildings were set to 0.025, 0.036, 0.046, and 0.06, respectively
(Table 3). Furthermore, the application of land cover in determining roughness coefficients implicitly incorporates
both distributive micro roughness (e.g., grass, paddy fields, and surface textures) and macro roughness (e.g., trees
and man-made structures). This combined representation enhances the realism of tsunami inundation modeling and
provides a more secure assessment of the potential protective role of natural and artificial features surrounding YIA.

R A TTIRNESAT Y R T

110.05 110.07 110.09 110.11 0.0 0.03 110.05 110.07 110.09 110.11
Longitude Longitude

Fig. 5. Land Use/Land Cover (LULC) classification generated from Google satellite imagery. The colors
represent different land cover types: blue = water bodies, green = vegetation, tan = open flat areas, and red
= man-made buildings. (a) Existing LULC conditions, (b) Modified LULC map showing proposed seawall

(red arrow) and Casuarina forest (dark green) as coastal protection measures.

Table 3
Surface roughness parameters
Land cover group Manning’s rgughness Roughness Source
coefficient type
Water (e.g., river, pond, sea) 0.025 micro Harada and Imamura 2006
Open area (e.g., cultivated area, beach, field, 0.036 micro Chow 1959
road, airport runway)
Vegetation (e.g., shrubs, bushes, trees) 0.046 macro Chow 1959
Casuarina forest NA / Morison equation macro Morison et al. 1950; Harada and
Kawata 2004, 2005
Man-made building (e.g., residential, airport 0.060 macro Wang et al. 2020; Wang et al. 2017

building, break water, seawall)

Mean Sea Level

250 m

10 km 15 km 100 m 200 m
Linear Zone Non-Linear Zone Shorelineto  Vegetation forest
vegetation forest width

Fig. 6. Cross-sectional schematic of elevation profile from offshore to inland forest vegetation

Fig. 6 shows the land elevation profile. The seawall is positioned 50 meters inland from the shoreline, while the
vegetation belt begins 100 meters further inland. A 200-meter-wide Casuarina equisetifolia forest was designed near
the coastline to help prevent tsunami waves from reaching the airport area. The parameters of the forest were defined
as follows: 10 trees per 100 m?, a trunk diameter of 0.2 meters, a standardized tree height of 12 meters, and a canopy
width of 3 meters. This forest belt, extending 5.4 kilometers between the Bogowonto and Serang rivers, was manually
delineated using GIS-based software. Within this defined area, the model applied resistance forces to simulate the
barrier effect of Casuarina trees against incoming tsunami waves. This approach enables realistic simulation of wave-
vegetation interactions and their effects on tsunami wave attenuation and inland inundation.
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3. Results and discussion

This section presents the results of tsunami inundation modeling for eight different mitigation scenarios. The
simulation results show that the tsunami waves began reaching the coastline approximately 32 minutes after the initial
earthquake (see Fig. 13). Maximum offshore wave heights near the coast ranged from 5 to 9 meters, depending on
bathymetric variations. As the waves approached the coastline and entered shallower areas, their height increased
due to shoaling effects. The predicted maximum water depth in the study area exceeds 20 meters (see Table 4),
particularly in areas with elevations below 5 meters. This result is consistent with tsunami modeling by Widiyantoro
et al. (2020), Prabowo et al. (2024) and Wulandani et al. (2024), who reported peak tsunami heights of approximately
20 meters for megathrust rupture scenarios along the southern Java. The simulations also showed that most of the
airport runway and terminal area would be inundated under these conditions, highlighting the vulnerability of critical
infrastructure. The effectiveness of the eight mitigation scenarios is analyzed from spatial, statistical, and temporal
perspectives.

3.1. Spatial analysis of inundation areas across mitigation scenarios

Based on the water inundation map presented in Fig. 7, the scenario without structural or nature-based protection
(scenario 1) results in the worst impact when a major tsunami occurs. Tsunami wave propagation tends to follow
natural topographic features such as river channels and basins, which significantly increases the vulnerability of the
area surrounding Yogyakarta International Airport. After reaching land, the tsunami rapidly inundates low-lying
coastal areas, with water advancing up to 2.5 kilometers inland in some locations. Areas along the coastline
experience significant inundation depths, reaching between 8 and 20 meters. The absence of structural defenses and
the limited extent of natural vegetation allow deep and extensive wave penetration into the airport zone.

A comparison of the inundation maps for scenario 1 (existing LULC conditions) and scenario 3 (installation of a
5-meter seawall) reveals that the pattern and extent of inundation appear visually very similar. This demonstrates that
a 5-meter-high seawall is insufficient to mitigate inundation caused by tidal waves or tsunamis. When incoming
waves exceed 5 meters, the water can overtop or even damage the seawall, allowing water to continue inland.
Therefore, a 5-meter-high seawall may provide protection only against small to medium-sized waves but is
ineffective against larger and stronger waves. Observations from Japan’s 2011 tsunami on the Tohoku coast also
indicate that several seawalls were overtopped or damaged under extreme wave loads, particularly where the incident
wave height exceeded the barrier height (Raby et al. 2015; Fukutani et al. 2023).
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Fig. 7. Maps of maximum inundation depth resulting from a tsunami event for eight scenarios. The color scale on
the right indicates the maximum water depth, ranging from light blue (shallow) to red (deep).

When a vegetation-based barrier (scenario 2) is implemented, spatial inundation patterns begin to shift. Areas
located behind the vegetative belts experience notable reductions in depth, even though locally. Casuarina
equisetifolia trees act as wave energy buffers that disperse momentum before it reaches vital infrastructure such as
airport buildings. However, they are not sufficiently effective in countering high-energy waves and in certain
locations they may even generate turbulence or backflow that increases local inundation depths. This pattern is align
with the observations from the 2004 Indian Ocean tsunami, where Casuarina and mangrove forests in Sri Lanka,
India, and Thailand attenuated wave energy but were unable to fully prevent inundation under extreme conditions
(Tanaka et al., 2007; Samarakoon et al., 2013). The consistency between these results suggests that vegetation barriers
provide measurable but limited protection, and that their effectiveness depends heavily on forest width, density, and
tree morphology (Mukherjee et al., 2023; Chen et al., 2025).

While vegetation offers partial attenuation, the addition of structural measures further modifies inundation
dynamics. The results show that this pattern does not change significantly even when a 10-meter-high seawall is
implemented (see scenarios 2 and 4 in Fig. 7). This indicates that local topographic and hydrological networks play
a dominant role in determining the distribution of tsunami inundation. The 15-meter seawall, however, demonstrates
a much greater effectiveness in limiting both inland penetration and inundation depth. The inundated area is markedly
reduced, and even the airport area remained unaffected by tsunami flooding.

Similar behavior has been documented in experimental studies conducted by Oda et al. (2018), who showed that
low seawalls are easily overtopped during large tsunami waves, leading to high inundation depths behind the
structure, whereas increasing the wall height substantially reduces inland flooding. Likewise, McGovern et al. (2023)
demonstrated through large-scale laboratory experiments that higher seawalls significantly reduce flow penetration
and inundation area, although localized overtopping and reflection can still occur depending on site topography.
These findings reinforce the current study’s results, confirming that higher seawalls are much more effective in
mitigating extreme tsunami impacts.

However, unlike purely structural approaches, the integration of vegetation in this study shows that natural
elements can further dissipate overtopping energy and improve resilience, a principle supported by hybrid defense
research in Europe and Japan (Morris et al. 2023; Zanin et al. 2024). These comparative findings position the YIA
mitigation strategy within a broader global discourse on multi-layered coastal protection, demonstrating that
combining seawalls with ecological barriers provides both enhanced safety and environmental sustainability.
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Fig. 8. Difference in maximum inundation depth between a baseline scenario (scenario 1) and other scenarios.
The color scale indicates the water depth difference in meters.

Fig. 8 presents a comparative analysis of the effectiveness of various tsunami mitigation scenarios by spatially
visualizing the differences in maximum inundation depth between each mitigation scenario and the baseline scenario
(scenario 1). The inundation depth difference maps use a color scale where positive values (green to red) indicate
increased depth and negative values (light to dark blue) indicate reduced depth. These maps offer qualitative spatial
insights into the impact of each mitigation strategy. A comparison between Scenario 1 and Scenario 2 reveals a
decrease in inundation depth across most land areas, as reflected by the predominance of light to medium blue colors.
This indicates that the presence of Casuarina equisetifolia vegetation, although passive, is quite effective in reducing
inundation depth. The decrease in depth is most pronounced in areas between the Bogowonto and Serang rivers,
where this vegetation can act as a natural barrier. However, there are small patches of yellow or orange near the
shoreline or in river channels, indicating the potential for localized increases in depth due to complex interactions
between waves and vegetation structure or changes in flow patterns.

The use of a 5S-meter seawall did not result in a significant reduction in inundation depth. However, increasing the
seawall height to 10 meters (scenario 4) and 15 meters (scenario 5) clearly demonstrated a dramatic increase in
effectiveness. Based on the depth difference map between scenario 1 and scenario 4, most of the areas that are
inundated by deep flooding in the existing LULC condition are now dominated by dark blue in the mitigation scenario
4, which indicates a significant decrease in inundation depth (up to 6-9 meters). This effect is most pronounced in
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the area behind the seawall. However, small patches of yellow or orange remain in front of the seawall along
unprotected sections of the coastline and around river mouths, indicating localized increases in depth caused by
concentrated wave energy. This pattern is consistent with field observations from the 2011 Great East Japan
Earthquake and Tsunami by Lipscy et al. (2013), where overtopping and focused energy around river mouths
occurred despite the presence of high seawalls. Scenario 5 shows even greater coverage and higher intensity of dark
blue, showing a substantial reduction in inundation depth of up to 15 meters across a wider area. This confirms that
the 15-meter seawall is the most effective strategy for reducing tsunami inundation depth.

3.2. Statistical analysis across mitigation scenarios

A summary of the total inundation area and the maximum inundation depth (hm.) for each scenario is presented
in Table 4. The parameters P50 (median), P75, and P98 represent the statistical percentiles of the maximum
inundation depth, while Max_hu.x denotes the highest maximum inundation depth in the study area. The statistical
results show that mitigation scenarios 2, 3, and 6 do not have significant effects on reducing either the inundation
area or water depth. Scenarios involving taller seawalls demonstrated a stronger impact in reducing inundation. A 10-
meter seawall (scenario 4) significantly decreases the inundation area to 17.56 km? and reduces the median depth to
4.61 m. A 15-meter seawall (scenario 5) is statistically very effective in reducing inundation, reducing the inundation
area to 12.10 km? and the median depth to 4.44 m. Interestingly, the increase in seawall height is accompanied by a
rise in the highest water depth (Max_hmax), reaching 30.68 meters in scenario 5. This phenomenon is caused by waves
bouncing after hitting a higher seawall, which may cause an increase in local inundation height on the seaward side
(Motoyashiki et al. 2024; Parady et al. 2018). Nevertheless, the median and percentile water depths (P50, P75, P98)
generally show a downward trend, indicating that although there are some locations with extreme depths, the overall
area affected by high water depths is decreasing. The 15-meter seawall, in particular, is highly effective in preventing
wave propagation toward critical facilities such as the airport. The combination of CE and a 15-meter seawall
(Scenario 8) is the most effective scenario, yielding the smallest inundation area of 11.98 km?. CE helps dampen the
wave energy that overtops the seawall and prevents the overflow force from reaching the airport area. This indicates
that the combination of natural and structural measures provides optimal mitigation for retaining and reducing
tsunami energy.

Table 4
Summary of inundation parameters for different mitigation scenarios
Scenario Mitigation scenario . Total area of Max_hmax Mean_hmax Statistic _hmax
inundation [km?] [meter] [meter] Percentile [%] [meter]
1 Existing LULC 20.45 20.84 6.57 P50 6.43
P75 9.32
P98 15.04
2 Casuarina equisetifolia (CE) 19.02 21.14 6.33 P50 5.55
P75 9.23
P98 15.72
3 5-meter seawall 20.31 22.23 6.50 P50 6.36
P75 9.14
P98 15.14
4 10-meter seawall 17.56 28.14 5.65 P50 4.61
P75 7.71
P98 15.75
5 15-meter seawall 12.10 30.68 5.90 P50 4.44
P75 8.77
P98 16.86
6 5-meter seawall + CE 18.91 22.43 6.28 P50 5.48
P75 9.20
P98 15.90
7 10-meter seawall + CE 17.08 27.91 5.63 P50 4.40
P75 8.04
P98 15.81
8 15-meter seawall + CE 11.98 30.75 5.95 P50 4.52
P75 8.85
P98 16.86

In contrast to the previous approach which examined the total inundation area, Fig. 9 further explores the
distribution of maximum water depth (hmax) for each mitigation scenario. The inundation area is segmented by water
depth, with each colored segment representing a specific depth range. The numerical values within each segment
indicate the area in km? for that specific depth range, while the number at the top of each bar represents the total
maximum inundation area for that scenario. Areas with moderate to high inundation depths (ranging from 1 to 10
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meters) are the most extensively flooded zones. In scenarios 1, 2, 3, 4, 6, and 7, these zones account for more than
70% of the total inundated area, while in scenarios 5 and 8, they comprise approximately 65%. This indicates a
potentially high risk of structural damage and loss of life if a major tsunami occurs. In scenarios 5 to 8, areas with
the inundation depths below 10 meters decrease significantly. In these scenarios, the YIA area is substantially
protected by the presence of the seawall (see Fig. 7). The 15-meter-high seawall plays a crucial role in preventing
tsunami wave energy from entering the airport area.
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Fig. 9. Total area of maximum inundation at different water depth categories across eight mitigation scenarios

The graph in Fig. 10 provides a comprehensive overview of how much area is submerged at a given depth, while
the scatterplot in Fig. 11 specifically compares the impact of mitigation at each pixel location. In Fig. 10, it is clear
that the scenario with the existing LULC (blue line) almost overlaps with the scenario using a 5-meter seawall (red
line). This indicates that the addition of a 5-meter seawall does not have a significant impact on the total inundation
area (see also Fig. 7). However, even though the graph appears to overlap, based on the scatterplot in Fig. 11, the use
of a 5-meter seawall is quantitatively proven to reduce flood depth over a large area (14.23 km?). Despite these
seemingly contradictory data, it can be concluded that inundation depth decreases in certain areas while increasing
in others. However, the area experiencing depth reduction is considerably larger than the area experiencing increased
depth. A similar pattern is observed in the natural barrier implementation (green line) which overlaps with the “CE +
seawall Sm” graph (orange line), indicating that the addition of a 5-meter seawall to Casuarina equisetifolia (CE)
vegetation does not provide a significant additive effect on the total inundation area.
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Fig. 10. Histogram of the relationship between total inundation area (km?2) and maximum inundation depth (m)

for various mitigation scenarios
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When the seawall height is increased to 10 meters, more significant changes are observed. The “seawall 10m”
graph (red line) and its combination with the CE (orange line) show a substantial reduction in inundation area at
depths between 5 and 15 meters compared to the existing condition. The scatterplot clearly shows that mitigation
scenarios 4 and 7 resulted in a reduction of inundation area by 16.06 km? and 15.87 km?, respectively, compared to
the existing LULC scenario. This corresponds to a reduction of nearly 78% of the total inundated area. Furthermore,
the effect of mitigation strategy using a 15-meter-high seawall is also clearly visible. The use of the 15-meter seawall
alone (red line), or in combination with Casuarina equisetifolia (CE) (orange line), significantly reduces the total
inundation area. Orange and red curves appear to overlap closely and consistently lie below the other curves,
particularly at depths less than 14 meters (see Fig. 10). The scatterplot diagram supports this, showing that an area
of approximately 16.4 km? experiencing a decrease in depth. This confirms that a 15-meter seawall, either alone or
in combination with a CE, is the most effective mitigation solution in reducing the overall inundation depth in the
study area.
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Fig. 11. Scatterplot diagrams comparing the maximum inundation depth (hmax) between the existing LULC
scenario (Y-axis) and other mitigation scenarios (X-axis). The dashed red line represents the Y=X condition,
where inundation depths are equal for both scenarios.

3.3. Temporal analysis of inundation area across mitigation scenarios

Temporal aspects are critical when discussing preparedness and resilience, particularly for infrastructure such as
airports that play vital roles in emergency response. Tsunamis may impact the coast by a series of waves, as shown
by the simulated time series in Fig. 12. Consequently, coastal areas may be inundated multiple times, as indicated by
the observation points (P1, P2, and P3) for each scenario in Fig. 12. The first tsunami peak reached observation points
P2 and P3 approximately 35 minutes after the earthquake, while at P1 it arrived slightly later, around 40 minutes
post-event. This is consistent with the numerical modeling by Widiyantoro et al. (2020) and Widodo et al. (2024),
which indicated that tsunamis generated by the Java megathrust segments can reach the southern coast of Java within
approximately 30-35 minutes, producing near-field wave heights exceeding 20 meters along the shoreline. The
airport may be inundated by the first wave, opening more space for subsequent waves to penetrate further inland.
Under successive wave impacts, buildings may sustain progressive damage, which continue to alter the flow patterns.
The highest water level occurs at point P3, exceeding 15 meters above sea level. This is primarily due to the inflow
of water from the southeast, which entered through the Serang River.

Fig. 13 shows the temporal evolution of inundation across depth categories over the 90-minute simulation. The
results show that in all scenarios, tsunami waves began to reach the coastline approximately 32 minutes after the
megathrust earthquake occurred. During the first 15 minutes after the tsunami waves reached the coastline, depth



469  categories of 1-5 meters became dominant, followed by areas submerged at 5-10 meters, indicating that much of the
470  area, including the airport, faces moderate to deep flooding.
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472 Fig. 12. Simulated time series of tsunami water levels, reference to mean sea level, at three observation points
473 (P1, P2, and P3) under eight different mitigation scenarios
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In the scenario using existing condition (scenario 1), CE barrier (scenario 2), and scenarios using a 5-meter seawall
(scenario 3 and scenario 6), areas with depth of 1-5 meters (green line) increased rapidly, reaching a peak above 10
km? around the 45th minute. Simultaneously, areas with depth of 5-10 meters (red line) also showed a significant
rise, reaching nearly 8 km?. Although the area inundated by depths greater than 10 meters (orange line) was relatively
small, it still showed a momentary peak exceeding 1 km? indicating the presence of highly hazardous zones,
particularly near coastal and riverine lowlands. Over time, the water began to spread and infiltrate, causing the
shallower depth area (<1 meter, blue line) to gradually increase, reaching a peak above 8 km? around the 60th minute.
Then, after about the 70th minute, a receding trend was observed, with the deeper depth area beginning to decrease.
However, a secondary peak in the 5-10 meter and >10 meter depth areas occurred at the 80th minute. This
phenomenon may suggest the occurrence of a secondary wave or indicate the complex hydrodynamic behavior of
wave backflow during the later stages of inundation.
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Fig. 13. The temporal evolution of total inundation area for different water depth categories over a 90-minute
simulation period
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The CE vegetation scenario (scenario 2) does little to alter this temporal pattern. While it slightly delays wave
penetration, its effects are limited in reducing inundation speed or duration. This suggests that CE plays a more
relevant role during the initial wave arrival phase as a first line of defense but is insufficient to significantly transform
the overall inundation dynamics. Significant changes occur with the implementation of 15-meter seawall. This
scenario shows a marked temporal shift, high-depth areas emerge later and in reduced extents. In other words, a high
seawall not only physically blocks tsunami waves but also delays the peak flooding time, thereby providing additional
time for evacuation or the implementation of emergency measures to protect vital facilities (Parady et al. 2018;
Esteban et al. 2017). In simulations, hybrid scenarios with CE and tall seawalls produce similar temporal
effectiveness to seawalls alone, emphasizing that substantial changes in flood timing are driven more by structural
barriers than vegetation.
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Fig. 14. Difference in tsunami wave propagation time between baseline scenario (scenario 1) and other
scenarios in seconds. Positive values (green to red) indicate a delay in wave arrival time compared to the
baseline (scenario 1), while negative values (light to dark blue) indicate earlier wave arrival.

As shown in Fig. 14, the scenario with a Casuarina forest belt (Scenario 2) provides moderate protection, although
the effect is spatially limited, with propagation delays of approximately five minutes occurring primarily near
vegetated areas. Scenario 3 (5-meter seawall) shows no change in arrival times, indicating that a low seawall is
insufficient to significantly alter tsunami propagation. In contrast, scenarios involving higher seawalls (10 meters and
15 meters) demonstrate more pronounced effects, with wider zones of delayed wave propagation, particularly in low-
lying coastal areas. The scenario using a 15-meter seawall shows the greatest propagation delays, especially near
river mouths and coastal settlements. Vegetation alone is moderately effective, whereas seawalls higher than 10 m
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substantially improve coastal resilience. The combined scenarios (7 and 8), which integrate vegetation and high
seawalls, emerge as the most effective approach, providing synergistic benefits by reducing wave energy offshore
and limiting inland penetration. These findings highlight the importance of hybrid coastal defense strategies in
maximizing tsunami risk mitigation.

4. Conclusions

This study provides new insights into the effectiveness of multi-layered coastal defense systems for mitigating
tsunami inundation risks in subduction zone environments. Using high-resolution numerical simulations under a
worst-case Mw 8.8 megathrust earthquake scenario, the analysis demonstrates that the combination of structural and
nature-based measures can substantially enhance coastal resilience. Among the tested configurations, seawalls higher
than 10 meters markedly reduce inundation depth and extent, while a 15-meter seawall nearly eliminates flooding
within the modeled coastal infrastructure zone. These structural defenses also delay tsunami arrival times, providing
critical additional minutes for evacuation and emergency response an important aspect often overlooked in single-
layer mitigation strategies.

Nature-based solutions, represented by Casuarina equisetifolia forests, also exhibited important protective
benefits. Although the vegetation belt alone was insufficient to counter extreme wave energy, its role became
increasingly valuable when combined with seawalls. The hybrid scenarios, particularly the integration of a 15-meter
seawall with a 200-meter-wide Casuarina belt, achieved the greatest overall effectiveness by dissipating overtopping
energy and reducing residual flooding. Such integrated strategies are consistent with global best practices that
emphasize the combination of engineered and ecological defenses to maximize coastal safety while also preserving
ecosystem services.

Beyond the specific case context, the findings contribute to a broader understanding of tsunami risk mitigation in
low-lying, high-exposure regions worldwide. Airports, ports, and power plants located near vulnerable shorelines
require robust defense systems that are not solely reliant on single structures. Instead, a multi-layered approach that
blends physical barriers with ecological buffers offers the most effective approach to reducing tsunami risk and
ensuring operational resilience during extreme events.

There remains considerable room for advancement in this area of research. Future work should investigate the
optimal placement of different protective structures and assess the most effective shape of the seawall under various
tsunami conditions. In addition, large-scale physical modeling experiments are needed to further validate and improve
the numerical predictions, thereby strengthening the design basis for integrated coastal defense strategies.
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