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ABSTRACT

Tsunami is a catastrophic natural disaster that is difficult to
predict and often results in significant loss of life and
property damage. This study examines the role of coastal
vegetation belts in mitigating tsunami wave impacts through
numerical and spatial analyses. This study also used
bibliometric analysis to support the discussion. Numerical
simulations using CADMAS Surf 2D were conducted for
various scenarios to assess the effect of vegetation belts on
wave speed and height. Spatial analysis using ArcGIS was
employed to map tsunami-affected areas, and grid-cell
analysis was used to calculate the volume of water entering
inland areas during a tsunami event. The results demonstrate
that vegetation belts with specific thicknesses and densities
significantly reduce wave speed and height, thereby
mitigating tsunami energy as it approaches land. These
findings emphasize the critical role of vegetation belts in
coastal management strategies. Future research should
explore integrating natural barriers with artificial
infrastructure, such as embankments, to provide
comprehensive protection against tsunami impacts.
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1. INTRODUCTION

Indonesia is a tropical country with an extensive coastline of approximately 108,000 km,
ranking it among the countries with the longest coastlines in the world. Additionally,
Indonesia boasts the largest number of islands globally, with a total of 17,504 islands [1, 2].
Given this geographical reality, it is imperative to implement preventive measures and
mitigation strategies to address potential disasters from the sea, such as tsunamis.

This study focuses on efforts to protect coastal areas from the risk of tsunami waves. For
clarity, the term "coast" refers to the coastal hinterland extending to areas where changes in
morphology, topography, and vegetation occur, whereas "beach" describes the area
influenced by the ebb and flow of seawater [3].

This study involves several stages, including identifying coastal areas vulnerable to tsunami
threats through spatial analysis using ArcGIS software. Additionally, numerical analysis
scenarios were conducted to determine wave speed and height, with a key parameter being
tsunami waves reaching 6 meters in height from the shoreline. The study also identifies areas
deemed safe from tsunami waves.

Numerical simulations utilized CADMAS Surf 2D software, which applies the Navier-Stokes
equation to model particle movement. This software is highly effective for disaster
evaluations involving fluid materials, as it can measure various fluid behaviors, including wave
height, pressure, fluid movement axis, permeability, and more.

The study's findings highlight the effectiveness of vegetation as green belts in mitigating
tsunami energy and protecting coastal areas. Furthermore, the delineation of safe zones using
spatial and grade-cell analysis provides practical recommendations for evacuation sites,
specifically for Prigi Beach, Trenggalek, East Java, in the event of a tsunami.

2. METHODS

Prigi Beach is located along the southern coast of Indonesia, bordering the Indian Ocean.
It is situated in Tasimadu Village, Watulimo District, Trenggalek Regency, East Java, Indonesia,
approximately 48 km from the center of Trenggalek city. In addition to being a popular tourist
destination, Prigi Beach serves as a national port and is home to one of the largest fishing
grounds on the southern coast of Java Island. Visitors to the beach can enjoy various activities
such as fishing, camping, and tennis, or simply relax at the nearby hotels while taking in the
stunning coastal scenery.

As a coastal tourism destination, Prigi Beach requires robust mitigation efforts to address
the threat of tsunami waves. This research involved several stages, including identifying areas
at risk using spatial analysis with GIS, conducting numerical simulations with scenarios such
as incorporating vegetation as green belts, comparing wave behavior with and without
vegetation barriers, and identifying areas deemed safe from tsunami waves. The analysis
integrated spatial and numerical simulation results with grid-cell analysis to calculate affected
areas [4-6]. The grid-cell analysis method provides researchers with precise insights into
disaster-affected areas by using grids of a specific size as references for preparedness and
disaster prevention measures [7-11].

Spatial analysis was employed to assess the inland impact of tsunami waves, with ArcGIS
software optimized to delineate affected zones and identify potential evacuation sites based
on structures outside the reach of tsunami waves [12-16]. Furthermore, studies on the
effectiveness of vegetation belts in reducing wave energy have produced varied results [17,
18]. Natural barrier materials such as vegetation offer a cost-effective alternative to concrete
structures, such as 9-meter-high concrete walls used along Japan's Pacific coast [19].
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The use of vegetation as green belts to mitigate tsunami energy entering inland areas has
been explored in several previous studies, demonstrating significant reductions in wave
height and speed [20-23]. Numerous researchers have also investigated the effectiveness of
green belts, examining various variables such as plant height, green belt thickness, plant type,
and other factors [24-28]. Equations (1)-(5) are shown in the following:
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In this study, numerical analysis was conducted using CADMAS Surf 2D software,
incorporating various parameters such as wave height, wave speed, fluid density, porosity,
and others. The Navier-Stokes equation was utilized to simulate fluid behavior, where the x-
axis and y-axis represent the positions of each fluid particle. Before the numerical simulation,
the water height along the z-axis was determined. In the simulation, the function F(x,z,t)F(x,
z, t) represents the ratio of water volume for each cell, where tt denotes time, xx the
horizontal axis, and zz the vertical axis in the coordinate cell [29-31].

In the Navier-Stokes equations, pp represents pressure, while uu and ww denote the
horizontal and vertical velocity components of the fluid, respectively (Agus Dwi Wicaksono &
Fadly Usman, 2020; Usman & Effendi Rahim, 2017). Other parameters include p (rho) for fluid
density, vv for the sum of molecular kinematic viscosity and kinematic eddy viscosity,
vyv_\gamma for porosity, yx\gamma_x and yz\gamma_z for the components of air porosity,
and SFSF, SuSu, and SwSw for the sources of wave generation. The coefficients DxDx and DzDz
represent the sponge layer, while RxRx and RzRz account for resistance due to porosity.
Finally, gg represents the acceleration due to gravity [32-34].

In Equation (5), UU stands for the average depth-of-water velocity, and gg denotes the
acceleration due to gravity. The expression H=h+{H = h + \zeta represents the total depth
relative to the datum, where {\zeta corresponds to the temporal bore height. Additionally,
n\eta is a coefficient obtained from the ratio between the initial water depth and the total
propagation depth, defined as 1.03 in this research. The propagation and speed of the drill
wave in this study were set following prior experimental research [35-37]. Figure 1 illustrates
a flume used in numerical simulations conducted with CADMAS Surf 2D, incorporating three
measurement points. These points were used to measure wave height and wave speed at
three specific locations along the X-axis: 225 m, 300 m, and 450 m. This study employs two
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simulation scenarios: one without obstacles and another with natural barriers, including
vegetation and topographic engineering, such as mounds of soil surrounding the green belts.
Through numerical simulations using CADMAS Surf 2D, the study examines the phenomena
occurring as waves pass through various barriers, including beach dunes, vegetation,
elevation differences, and other obstacles, before ultimately reaching the shore.

225m ¥2 =300m ¥3 = 450m
" "

Figure 1. Channel (flume) used for numerical simulation by CADMAS Surf 2D.

3. RESULTS AND DISCUSSION

Before adding results, bibliometric analysis using the Scopus database using the keyword
“tsunami” taken on January 2025 (see Figure 2). The figure illustrates the number of
documents published per year, combining a table and a line curve to provide an overview of
publication trends. The table on the left highlights the annual number of documents from
2016 to 2024, showing fluctuations over the years. The highest publication count is observed
in 2022 with 1,729 documents, followed by a gradual decline in subsequent years. The line
curve on the right provides a longer-term view, spanning from 1929 to 2024. It reveals
minimal publication activity until the late 1990s, after which there was a significant and rapid
increase. The number of documents peaks in the early 2010s, followed by slight fluctuations
and a gradual decline in recent years. This trend likely reflects advancements in digital
technology and increased research activities over the decades. However, the slight reduction
in recent years may indicate a shift in research focus or external factors affecting research
productivity.

Given the increasing frequency and devastating impacts of tsunamis, particularly in coastal
regions worldwide, there is a pressing need for continued and intensified research in this field.
Tsunami research plays a crucial role in developing effective mitigation strategies, enhancing
early warning systems, and improving coastal resilience. The decline in recent publication
trends underscores the importance of sustaining and expanding research efforts to address
the challenges posed by tsunamis and to safeguard vulnerable communities.

The study conducted simulations using two scenarios: (1) without obstacles and (2) with
natural obstacles, including vegetation and limited topographic engineering in the form of
mounds and excavations. The following images present screenshots of the simulation for
scenario #1. Figure 3 illustrates the propagation of waves as they travel from the foreshore
and move inland.

Initially, tsunami wave barriers occur on the foreshore, but the wave propagates inland
with relative ease in this scenario due to the absence of significant obstacles to reduce the
horizontal force of the wave. Although minor obstacles, such as surface irregularities and
topographic variations in the coastal area, are present in scenario #1 of the numerical
simulation, these features are not substantial enough to significantly reduce wave speed or
mitigate the tsunami energy entering the land.

The wave phenomenon in scenario #1 is depicted in the profile shown in Figure 4. The
orange line represents the wave height at measurement point x3=450 m. At this location, the
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wave height remains considerable, measuring approximately 2.5-3.0 m. Initially, the wave
height from the simulation ranged between 5.75 and 6.25 m, with a reduction of around 2.38
m. The limited surface resistance allows the wave to propagate further inland. This indicates
that the waves reaching the land consist primarily of runoff residuals traveling from the beach
to the inland areas.
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Figure 2. Publication trend in Scopus regarding tsunami.

Figure 3. Snapshoot of tsunami propagation in scenario #1.
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Figure 4. Wave height in scenario #1.
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Although the wave height in this simulation is set using the Fukui equation, ranging from
6.0 to 10.0 m, the sea waves with bore wave formation break upon reaching the foreshore
(see Table 1). The wave heights gradually decrease from the initial range of 6 to 10 m at the
start of the simulation to less than 5 m by the measurement point at 450 m. Beyond this point,
the wave continues to propagate inland, with heights ranging from approximately 2.78 to
3.79 m.

Table 1. Wave speed and wave height in the simulation.

Wave Water level (m) Wave speed (m/s)

Height X1 X2 X3 X1 X2 X3
6m 5.45 3.17 2.38 6.05 5.05 3.21
8m 7.14 4.58 2.78 6.35 5.11 3.36
10m 8.84 6.38 3.79 6.38 5.25 3.67

Figure 5 illustrates wave propagation in scenario #2. Initially, the tsunami wave encounters
barriers on the foreshore, followed by additional obstacles in the conservation zone. The
wave volume is further blocked due to elevation differences and the site plan of the generator
unit. Vegetation in the conservation zone serves as a horizontal force reducer, slowing the
water before it advances inland.

The profile in Figure 6, represented by the orange line, shows the wave height at
measurement point x3=450 m. At this location, the wave height remains relatively high,
approximately 2.5-3.0 m. Initially, the wave height in the simulation ranges from 5.75 to 6.25
m, with a reduction of about 2.25 m. The surface resistance ultimately allows a portion of the
wave to reach inland. This indicates that the waves reaching the land consist primarily of
runoff residuals traveling from the beach to the inland areas.

As shown in Figure 5, the screenshot depicts the results of the numerical simulation for the
second scenario. Wave propagation from the shoreline advances inland after encountering
several obstacles. Initially, the tsunami waves are blocked at the shoreline and sand dunes
(beach area). The next obstacle occurs as the waves overtop the embankment between the
coastal area and the shore, filling the conservation zone with trapped water.
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Figure 5. Snapshoot of tsunami propagation in scenario #2.
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Figure 6. Wave height in scenario #2.

The phenomenon observed in the conservation area indicates that the tsunami wave is
initially dampened by precast constructions and beach fencing. Additionally, due to elevation
differences, turbulence arises around the embankment. The waves then propagate through
the green belt and continue inland, eventually reaching the edge of the generator site. The
wave volume is temporarily held in the precast formation pool and beachside constructions
before advancing into the conservation area, where the vegetation belts contribute to further
reducing the wave energy.

Figure 6 presents the wave height results from the simulation in scenario #2. At the
shoreline, near the 225 m measurement point, the wave exhibits a rapidly fluctuating profile.
However, by the 300 m measurement point, the accumulated wave height begins to stabilize
compared to the more erratic behavior observed at 225 m. At the 450 m measurement point,
approximately 400 m inland, the wave height rises dramatically but remains below 1 m.

At x3=450 m, wave speed measurements indicate minimal activity, suggesting that only
secondary waves manage to propagate inland after being trapped in the conservation zone.
This finding highlights the effectiveness of the green belt in reducing wave speed and
demonstrates how the embankment constructed within the conservation zone serves as a
significant obstacle to tsunami propagation.

Figure 7 provides further insights, with the orange line representing the wave height at
x3=450 m, following its interaction with the conservation zone. The wave height within the
conservation zone and vegetation belts remains significant, as shown by the blue line profile
in Figure 7. The profile remains relatively level until about 100 m, after which fluctuations in
wave height are observed, indicating the wave's residual energy. This suggests that the waves
reaching inland are runoff residuals from the conservation zone, further dampened by the
vegetation belts.
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Figure 7. Wave speed in scenario #2.

Figure 7 shows the results of wave speed measurements based on the simulation in
scenario #3. At the measurement point X1=225 m, the wave initially arrives at a normal speed,
ranging from approximately 6.0 to 7.0 m/s. However, by the 300 m measurement point,
turbulence caused by shoreline obstacles, including embankment constructions and green
belts, significantly reduces the average wave velocity to about 4.0 to 5.5 m/s. At the 450 m
measurement point, the wave speed drops even further, reaching a range of approximately
1.25t0 2.5 m/s as it continues inland. Table 2 presents the measurements of wave height and
wave speed for different initial wave heights (6, 8, and 10 m). The decrease in wave energy
begins at the X1 measurement point but becomes more pronounced as the wave accumulates
in the pond at the X2 measurement point. By the time the wave reaches the power plant
zone, its height is reduced to approximately 1 m, with a velocity of around 1.25 m/s. This
significant reduction demonstrates the effectiveness of the implemented obstacles in
mitigating the overall tsunami energy.

Table 2. Wave speed and wave height in the simulation.

Wave Water level (m) Wave speed (m/s)

Height X1 X2 X3 X1 X2 X3
6m 6.20 2.80-4.12 0.95 6.85 4.53 1.50
8m 6.81 5.35-6.05 1.35 6.98 5.06 1.83
10 m 8.95 6.15-9.27 1.89 7.11 5.13 2.15

Figure 8 illustrates the delineation of the affected area, created using spatial analysis by
processing elevation model (DEM) data with a topographic height limit of up to 20 m. This
maximum assumption is based on findings from previous research, which indicate that
tsunami waves can travel inland up to approximately 3.5 km from the shoreline and reach
heights of about 20 m above sea level. The propagation of waves accumulating in the coastal
area continues inland due to the significant volume of seawater entering the land. This
explains why tsunami waves can travel considerable distances from the shoreline [38, 39].

Figure 9 depicts a grid-cell overlay applied to a tsunami-affected map to estimate the
volume of water entering the land. The grid-cell analysis results, based on the numerical
simulation in scenario #2 (featuring vegetation belts and topographic engineering), are
displayed on the map. Each grid measures 50 x 50 m?, and the vegetation belts serving as the
conservation zone range from 100 to 250 m in width from the shoreline. Vegetation belts and
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topographic arrangements significantly reduce tsunami energy, wave speed, and wave
volume. While the vegetation belt thickness in simulation #2 is set at approximately 100 m,
Figure 9 depicts belt thicknesses of 100—250 m, adapted to the availability of coastal land and
following a similar planting pattern as in scenario #2, with a planting distance of 5 m.

Vegetation belts or conservation areas, such as mangrove forests, coastal forests, or other
plants, can mitigate the impact of tsunamis. Their effectiveness depends on several factors,
particularly their ability to reduce wave energy. Vegetation belts absorb some tsunami energy
through friction between water and the trees, roots, and soil surface. Dense and robust
vegetation can slow water flow, reducing tsunami wave speed and intensity. Vegetation belts
also reduce wave currents by decelerating water, diminishing the destructive force of
tsunamis when they reach settlements or critical assets. Additionally, tree roots, like those of
mangroves, prevent soil erosion caused by tsunamis. Vegetation belts contribute to wave
dispersion by breaking up water waves, causing the water to spread and reducing its
destructive power in areas behind the vegetation [40-42].
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Figure 8. Areas at risk of tsunami impact through elevation data analysis.

In Figure 9, the yellow dotted line represents the predicted tsunami wave boundary after
being dampened by vegetation belts 100-250 m thick from the shoreline. This prediction is
derived from the numerical simulation results in scenario #2, where vegetation belts
effectively reduce tsunami wave speed and volume. However, vegetation belts have
limitations in mitigating wave height. If incoming tsunami waves are 8 or 10 m high and the
vegetation is only 2 or 3 m tall, the waves can easily surpass the vegetation. The type and
density of vegetation also play a critical role. Trees with strong, spreading roots, such as
mangroves, are most effective, as they anchor the soil well. In contrast, sparse vegetation or
fragile plants like shrubs or crops (e.g., rice, corn, or sugarcane) provide minimal resistance.
Furthermore, even if the vegetation belt is 100 m thick, inadequate tree density or weak
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vegetation types may allow large tsunami waves to pass through, resulting in significant
damage.

:
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Figure 9. Vegetation belts on coastal area to reduce tsunami energy by grid-cell analysis.

4. CONCLUSION

Based on the analysis results, several recommendations can be proposed for the Prigi
Beach coastal area. Vegetation belts or conservation zones are effective in reducing the
impact of tsunami waves due to their ability to act as barriers. This is enhanced by the
presence of a green belt within the conservation zone and elevation differences between the
conservation zone and the coastal area of Prigi Beach. The mounds between the conservation
zone and the coastal area effectively inhibit wave propagation, trapping the waves in the
vegetation belts or conservation zones.

At the 450 m measurement point, located in the residential and agricultural areas, only
limited runoff from the conservation zone is observed. However, preventive measures are
still necessary, such as constructing mounds or ditches around the vegetation zone with
sufficient height and depth. While the seawater is largely trapped within the vegetation belts
or conservation zones, additional measures are needed to protect critical assets, such as
houses and agricultural fields. To further mitigate the propagation of primary waves,
additional traps, such as ditches or drainage channels, should be strategically placed around
village assets, integrated with appropriate topographic arrangements and landscape designs
for the coastal area of Prigi Beach.

Vegetation belts can significantly reduce tsunami impacts when they are well-designed,
utilizing appropriate plant species and integrating topographic engineering, as demonstrated
in scenario #2 of the numerical simulation. The thickness and density of the vegetation are
crucial for absorbing tsunami energy. However, vegetation belts with limited heights (e.g., 2—
3 m) may not be sufficient to withstand large tsunami waves with heights of 6-10 m. Despite
this, waves propagating inland typically decrease in height, emphasizing the importance of
maintaining robust vegetation belts.

Future research should explore the potential of combining vegetation belts with artificial
infrastructure, such as embankments or breakwaters. This integrated approach could provide
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more effective protection by further dampening tsunami energy, reducing wave speed, and
minimizing the height of tsunami waves that reach coastal and residential areas.
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