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Abstract

The southern coastal area of Java has a high risk of tsunamis. Additionally, the presence of rivers flowing in
the south of Java Island poses a greater tsunami threat because these rivers can act as "toll roads" for tsunami
waves to enter the land. Therefore, this study was conducted in the coastal area of the Opak-Progo watershed
to determine the level of tsunami hazards and plan effective evacuation routes. The hazard map was created
using the Berryman method, which employs parameters such as slope, surface roughness coefficient, coast-
line, and tsunami run-up height scenario; a 3-metre scenario was used in this study. Network analysts also
determined evacuation routes using the nearest facility method. Network analysis was used to identify an
optimised route with four evacuation sites. This research has the potential to significantly contribute to tsu-
nami mitigation and evacuation planning in the coastal areas of the Opak-Progo watershed.

Keywords: Berryman; Tsunami hazard level; Network Analyst; Tsunami evacuation route.

1. Introduction

Indonesia is a disaster-prone country (BNPB, 2023; Herlianto, 2023) due to its location at the
confluence of three tectonic plates: the Indo-Australian Plate, the Eurasian Plate, and the Pacific
Plate (Friska et al., 2022). This confluence has made Indonesia vulnerable to tectonic and volcanic
activity (Hartoko et al., 2016; Muttaqy et al., 2022; Sinaga & Ronoatmojo, 2022). Tectonic and
volcanic activities are among the causes of tsunamis (Sugawara, 2020), alongside underwater or
coastal landslides and falling celestial bodies (Wang et al., 2022; Zorn et al., 2022). The term
“tsunami” describes a very large ocean wave generated by a vertical change in water mass, asso-
ciated with a sudden influx of water in the sea (Katsumata et al., 2021; Richard et al., 2023).
Although tsunamis occur less frequently than other natural disasters, they can cause significant-
damage (Amalia Listiani & Fuji Lestari, 2023; Srinivasa Kumar et al., 2023). According to the
catalogue of Indonesian tsunamis from 416 to 2018 released by the Earthquake and Tsunami Cen-
tre of the Department of Geophysics, Meteorology, and Climatology (BMKG) in 2019, there have
been 188 recorded tsunamis of varying heights.

Seismic gap zones can trigger megathrust earthquakes of greater magnitude (Ehara et al., 2023;
Sudaryatno et al., 2022). The seismic gap zone south of Java lies between the southern Java Coast
and the Java trench. It exhibits weak seismicity but intense slip deficits, making it a potential
source of future megathrust earthquakes (Rusydi & Masitoh, 2023; Ry et al., 2023). The littoral
zone of Java Island, particularly in the Special Region of Yogyakarta, could be affected by a 20-
metre tsunami (Widiyantoro et al., 2020). If such an event occurs, the coast of Yogyakarta will
experience enormous damage due to the absence of barrier islands and a lack of damping vegeta-
tion in the area (Tarigan et al., 2015).

The presence of river mouths in a watershed can also exacerbate inundation during tsunami dis-
asters (Adityawan & Tanaka, 2016; Fuad et al., 2022). This research aims to map the geovisuali-
sation of tsunami hazards in the littoral region of the Opak and Progo watersheds. A watershed
integrates a river and its tributaries, functioning naturally to hold, retain, and drain water from
rainfall to the lake or sea (Ovando, 2023). Watersheds flowing directly into the ocean are partic-
ularly threatened when tsunami waves arrive (Liu et al., 2022; Tanaka & Tinh, 2022). This is
because the waterways can serve as "toll roads" for tsunami waves, facilitating water overflow
onto land and increasing the extent of inundation. Tsunami disasters can be unpredictable; thus,
disaster management is essential to mitigate their impacts and potential damage (Andriani et al.,
2023; Kirana & Bature, 2022; Shalih et al., 2020). One possible action is non-structural mitigation
on through the provision of tsunami hazard maps (Bai et al., 2023; Bosma et al., 2023; Zelaya et
al., 2023). Hazard maps can be created using remote sensing technology (Giordan et al., 2022;
Jay, 2022; Meng et al., 2022). Several methods for tsunami hazard analysis and evacuation plan-
ning have been introduced, such (i) as probabilistic tsunami hazard assessment (PTHA), (ii)
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deterministic tsunami hazard assessment (DTHA), (iii) geophysical-seismic analysis, (iv) sedi-
mentary tsunami deposits, and (v) historical records (Haider et al., 2023; lbrahim et al., 2023), as
well as network analysis (Das et al., 2024). These methods utilise GIS and remote sensing to
ensure reproducible analysis across space and time.
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Source: Pusat Sumber dan Bahaya Gempa Indonesia (modified Pusgen, 2017).

Figure 1. Distribution of Earthquake Epicentre Points and Seismic Gaps in the Southern Island of Java.

However, most of these methods are only partially applicable to the coastal areas of Indonesia for
several reasons, including the lack of detailed base maps and complete historical data. Therefore,
this research utilises Landsat 8 OL I satellite imagery and the ALOS PALSAR DEM. Both datasets
were employed to extract information in the form of land use and slope, which were used to
visualise the potential hazards in the study area using the Berryman (2006) method. Geospatial
researchers widely use Berryman's model because it is relatively easy to apply ; however, it does
not account for tsunami source and propagation factors (Berryman, 2006; Fuentes et al., 2021).

Another non-structural mitigation measure is the construction of tsunami evacuation routes (Oet-
jen et al., 2022). The evacuation route should be the most effective route from danger to safety.
Using the GIS analysis, effective evacuation routes can be created with a network analyst (Deliry
& Uygucgil, 2023). Within the network analysis, the closest facility feature indicates the optimal
path from one point to another. Additionally, evacuation routes were planned by considering the
inundation modelling produced during tsunami hazard map development (Karpouza et al., 2023).
Safe points for tsunami evacuation were selected by overlaying the land-use map on a tsunami
inundation map. The results from the network analysis were then visualised as an informative map
to facilitate readers' understanding of the content.

2. Research Methods

The research site is a combination of the coastal areas of the Opak and Progo watersheds, covering
an area of 153.4 km?2. This region includes parts of the Kulon Progo, Bantul, and Gunung Kidul
Regencies. A coastal region map of the Opak-Progo watershed is shown in Figure 2.

The datasets used in this study included Landsat 8 OLI satellite images, ALOS PALSAR, DEM
images, and shapefiles of the Opak and Progo watersheds, road networks, and coastlines. The
research method was divided into two parts: tsunami hazard analysis using the Berryman method
and evacuation route planning using network analysis.
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Figure 2. Site Location.
2.1. Tsunami Hazard Analysis

The tsunami hazard analysis was conducted using the numerical formulation method developed
by Berryman (2006). This numerical calculation is presented in Equation 1:

Hloss = (167n2/H01/3) + 5Sin S 1)

In this equation, the variable n represents the surface roughness coefficient derived from land use
interpretation. The land-use interpretation was performed on the Landsat 8 OLI images through
visualisation. This study used Level 1 Landsat 8 imagery from the year 2023. Each land use type
has a different surface roughness coefficient; the higher the coefficient, the more complex the land
use is for waterlogging, and vice versa. The surface roughness coefficient values for each land-
use type are listed in Table 1. The Ho variable denotes the wave height when the wave reaches the
land, with a height of 3 m used in this study. The S variable represents the slope value obtained
from the derivation of ALOS PALSAR DEM data, expressed in degrees radians (Figure 4).

Table 1. Coefficient of surface roughness.

Land use Coefficient of surface roughness
Waterbody 0.007
Swamp 0.015
Pond 0.010
Sand 0.018
Shrubs 0.040
Grassland 0.020
Forest 0.070
Plantation 0.035
Agricultural field 0.030
Rice field 0.020
Cropland 0.025
Settlement/build-up area  0.050
Mangrove 0.060
Open land 0.015

Source: BNPB, 2023.
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The results of the Hloss calculations were then used to calculate the cost distance, which deter-
mined the estimated inundation area, incorporating shoreline data. This cost distance produced a
hazard index, which was subsequently utilised with a fuzzy logic approach as input data for hazard
classification. In this approach, the greater the hazard index value, the closer the fuzzy graduated
class value will be to one (high-hazard class); conversely, a value closer to zero indicates a low-
hazard class. The fuzzy logic approach resulted in three tsunami hazard classes : low, medium,
and high.

2.2. Tsunami Evacuation Route Planning

Evacuation route planning was conducted using GIS and network analyses. The closest facili-
tyfeature was employed to determine the optimal route from an incident point to a facility point.
In this case, the incident points are located in high-hazard zones, tourist attractions, or densely
populated residential areas. Facility points, in contrast, are designated evacuation points located
in low-hazard zones.

3. Results and Discussion

3.1. Tsunami Hazard Level

Using Berryman's method (2006), tsunami hazard maps were generated based on parameters such
as the surface roughness coefficient, slope, coastline, and wave height scenarios upon reaching
land. The surface roughness coefficient was derived from land-use information in the study area
and interpreted visually using Landsat 8 OLI imagery. This study utilized Level 1 Landsat 8 im-
agery from the year 2023. The dominant land uses in the study area included rice fields and set-
tlement/built-up areas. Of the 153.4 km? study area, rice fields accounted for 61.2 km?2 (39.9%),
while settlement/built-up areas covered 54.4 km? (35.5%). A land-use accuracy test was con-
ducted at 20 sampling locations, with results compiled into a configuration table. The overall
accuracy of the interpretation was 81%. This error was attributed to the interpreter's difficulty in
identifying land use and the necessity of local knowledge of the study area. Additionally, the
uneven distribution and number of samples may have affected accuracy. The results of the land-
use interpretation at these research sites are presented in Figure 3.
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Figure 3. Land Use Classification.

The slope was derived from ALOS PALSAR DEM data and classified into four slope categories:
smooth, wavy, steep, and very steep (Setiawan et al., 2018). As shown in Figure 4, fine-grade
slopes predominated in the research location, primarily due to its positioning in the southern-
coastal area of mainland Java, where the relief tends toward smoother slopes.
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Figure 4. Slope Classification.

However, the eastern area of the Opak Watershed exhibited steep to very steep reliefs, which can
minimize the potential for inundation caused by tsunami waves. Previous research has shown that
undulating, hilly, and steep geomorphological conditions can reduce tsunami wave impacts

(Lynett, 2011; Rikumahu,

2024).

Combining the parameters of surface roughness coefficient, slope, coastline, and a wave height
scenario of 3 m resulted in the tsunami hazard map shown in Figure 5. Three hazard classes were
identified: low, medium, and high. High-hazard areas accounted for 89.2 km? (58.1%) of the total
area, medium-hazard areas for 26.7 km?2 (17.4%), and low-hazard areas for 37.5 km? (24.5%).
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Figure 5. Tsunami Hazard Level.
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The villages affected by the tsunami are presented in in Table 2.
Table 2. The villages affected by the tsunami.

Sub-district Village
Panjatan Panjatan
Krembengan
Cerme
Kanoman
Bugel
Lendah Bumirejo
Wahyuharjo
Jatirejo
Sidorejo
Galur Karangsewu
Banaran
Kranggan
Nomporejo
Brosot
Pandowan
Tirtorahayu
Srandakan Trimurti
Poncosari
Sanden Gadingsari
Murtigading
Gadingharjo
Srigading
Kretek Tirtosari
Parangtritis
Donotirto
Tirtomulyo
Tirtoharjo
Pandak Caturharjo
Tirtoharjo
Gilangharjo
Bambanglipuro Sidomulyo
Mulyodadi
Purwosari Seloharjo
Panjangrejo
Srihardono
Purwosari Girijati
Giriasih
Giritirto

High-hazard class areas were located near coastlines and watersheds, characterized by gentle
slopes and land uses with low surface roughness, such as paddy fields and ponds. Areas classified
as medium hazard were predominantly occupied by settlements/buildings, with higher slope con-
ditions and situated further from rivers and coastlines. Low-hazard zones comprised steeper slopes
and were the farthest from the coastline and rivers, with forests dominating land use. Previous
studies have shown that temporal changes in tsunami risk due to land-use changes and coastal
population growth have been highlighted as key factors influencing tsunami vulnerability and risk
assessment (Hou et al., 2023). The visualisation indicates that river flow patterns also affect tsu-
nami hazard levels. Prior research has shown that river flow patterns affect the flow depth and
arrival time of tsunami hazards(Zamora et al., 2021).

The Progo River has a straighter flow than the Opak River; therefore, when a tsunami oc-
curs,waves can more easily enter a straight river compared to a meandering one. That is why the
area around the Progo River has a higher hazard level than that around the Opak River. Addition-
ally, the topographic differences between the two watersheds contribute to the Opak watershed's
lower hazard classification. The Opak Watershed's steeper topographic characteristics result from
its location in an active fault area, namely the Opak fault. Previous research suggests that
topographicfactors in coastal areas influence tsunami inundation (Pattiaratchi, 2020). Therefore,
rock movement occurs more frequently in this area than in the Progo watershed. The results of
this hazard modelling show that land use and slope, which represent surface morphology, signif-
icantly influence tsunamigenic hazards in the region. Previous research has suggested that factors
such as land use, slope, and surface morphology play crucial roles in determining tsunami hazards
(Ramalho et al., 2024).
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3.2. Tsunami Evacuation Route Planning

Selecting safe points is crucial for developing evacuation routes in coastal areas. Various factors
must be considered to ensure the effectiveness of evacuation plans. Factors such as population
density, depth of danger zone, individual walking speed, and uncertainty of future tsunami events
play an important role in determining safe evacuation areas. However, this study focused on the
distance from the coastline, river mouths, river bodies, and industrial areas. The points used as
evacuation sites are indicated in green. The evacuation points, from west to east, include Muham-
madiyah 1 Pundong Junior High School Field, N 1 Galur High School Field, N 1 Sanden High
School Field, and Panggang 3 State Elementary School Field.

The starting points used to create evacuation routes were located in high inundation zones and
areas with high human activity, such as tourist spots and densely populated settlements. The start-
ing points, from west to east, include Trisik Beach, Baru Beach, Kuwaru Beach, Goa Cemara
Beach, Samas Beach, Depok Beach, and Gumuk Pasir Tourism. Using the identified danger and
safety points, network analysis was performed employing the closest facility method, resulting in
an evacuation route depicted in Figure 6.
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Figure 6. Planning Tsunami Evacuation Routes in the Coastal Areas of the Opak-Progo Watersheds.

The closest facility analysis also considered bridge aspects due to their high risk. Bridges were
treated as point barriers; thus, the analysis avoided routing through these points. Six main tsunami
evacuation routes were identified. These routes are aligned vertically with the coastline and lead
directly to the designated evacuation locations. Consequently, the results of this network analysis
require improvement. First, the evacuation routes presented are designed for motorised vehicles,
and thus, do not account for the capacity of the evacuation routes.

However, this study incorporates pedestrian-friendly evacuation routes, as they enhance the ef-
fectiveness and safety of overall evacuation in tsunami-prone areas. This approach aligns with
previous studies that used multicriteria-based Least Cost Path Analysis for pedestrian and vehicle
scenarios, where pedestrian scenarios were considered more realistic due to their proximity to the
road network accommaodating both pedestrians and vehicles (Jati et al., 2023). The study under-
scores the importance of considering both pedestrian-friendly routes and vehicle options.

4. Conclusion

Geovisualisation of tsunami hazards under a 3-meter run-up height on the Opak-Progo coast re-
sulted in three tsunami hazard classes: low, medium, and high. High-hazard class areas cover 89.2
km (58.1% of the total area), medium-hazard class areas cover 26.7 km (17.4%), and low-hazard
class areas cover 37.5 km (24.5%) of the total study area. The evacuation route analysis identified
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six routes, aligned with the coastline, leading to four evacuation points: the fields of 213 SMP
Muhammadiyah 1 Pundong, SMA N 1 Galur, SMA N 1 Sanden, and SD Negeri 3 Panggang.
These findings are crucial for updating spatial planning and enhancing both structural and and
nonstructural mitigation, including evacuation plans, routes, and community preparedness. A lim-
itation of this study is the lack of field validation; thus, recommendations for evacuation site ca-
pacity need revision. Future research should include field survey validation.
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