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Abstract 

Sabang City has grown in term of city’s population as well as the tourism activity. The development also meant 

there are more area that has been used when compared to the time before the 2004 tsunami. This research was 

developed to re-identify tsunami-prone zones with the current land cover condition in Sabang City and to provide 

recommended safe locations, alternative evacuation routes, and additional evacuation sites. We used Cornell Multi-

grid Coupled Tsunami Model (COMCOT) to carried out the tsunami simulation added with updated land cover to 

provide more accurate simulation model. The simulation pointed out several tsunami hazard zones in Sabang City, 

such as Balohan, Kuta Ateuh, and Iboih with expected tsunami heights to be more than 3 meters and arrival time 

less than 60 minutes. Those areas then surveyed to develop recommendations for tsunami risk reductions. The 

recommendations included nine additional evacuation buildings are proposed, three sites in each zone. Another 

recommendation is in form of evacuation routes in each zone to complement existing routes stated in RTRW 

document.  
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INTRODUCTION 

The 2004 Aceh earthquake is recognized as the largest natural phenomenon since the 1964 

Alaska earthquake [1-5]. A previous study showed the earthquake's seismic moment was    

6.5 × 1022Nm (Mw 9.15) with a rupture duration of 600 seconds [6–9]. According to the Harvard 

CMT catalog, the earthquake mechanism shows an upward fault pattern (strike = 329, dip = 8, 

rake = 1100) generated by subduction activity on the west coast of Sumatra. The earthquake 

caused fractures over 1200 km long, clearly visible from the distribution of aftershocks   

(Figure 1) [10–13]. Furthermore, the earthquake generated the most devastating tsunami in 

history, which killed more than 200,000 local people who surrounded the Indian Ocean. 

 

 
Figure 1. Aftershock Distribution of the Indian Ocean Earthquake in 2004  

 

The tsunami hit almost the entire area, including the City of Sabang, Weh Island. Alluding 

to the topography, Sabang City typifies a mountainous, hilly, and plain area, with 48.17% of 

which is mountains, 14.10% hills, and 37.72% plains [14–16]. With these topographical 

conditions, the city should ideally be classified as an area safe from tsunami disasters. However, 

the 2004 tsunami brought about an intense impact by claiming as many as ± 200,000 lives [17–

20]. In fact, Sabang is also known as Indonesia's maritime gateway, an integrated economic 

development area, an Indonesian free trade zone, and a tourism city. In 2018, the city was visited 

by more than 30,000 tourists, equivalent to three-quarters of the population in the City of Sabang 

itself [21,22]. Since 2018, Statistics Indonesia (BPS) has shown swift population growth in Sabang 

City. Regarding population, Sabang City was resided by 30,653 people in 2010, which pointed 

out the increase of 12.78 % of the total population in 2004[22]. This condition requires the Sabang 

City government to minimize the risk of a tsunami disaster to protect and provide people and 

tourists with a sense of security in Sabang City. 

http://creativecommons.org/licenses/by-nc/4.0/
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Research discussing tsunami hazards in Aceh has been carried out for various purposes by 

many researchers. These include research on tsunami-generating sources, estimated tsunami 

heights, estimated tsunami arrival times, tsunami disaster mitigation efforts, and traces of 

tsunamis in the past (paleo tsunami) [10,11,18,23–26]. Several topics are generally focused on the 

West Coast of Aceh and Banda Aceh, while not much has been done for Sabang. Meanwhile, the 

development of Sabang City every year has the potential to result in changes in spatial and 

regional planning, so it is necessary to update facilities to minimize the risk of tsunami disasters. 

This research was developed to re-identify the tsunami-prone zones with current land cover 

conditions. As per the fact, the cover of the residential land and public facilities such as ports, 

hospitals, and schools on the coast are closely related to the high loss of life and property. 

Currently, based on the Sabang City Government Regulation on Spatial and Regional Planning 

for 2012-2032, there have been 15 tsunami-prone areas regulated in [21,22]. By looking at the 

potential for tsunamis that have occurred in Sabang, this research is considered crucial to be 

carried out. Thus, it is strongly expected to provide a basis for updating preventive efforts to 

deflate the risk of tsunami disasters, such as recommending safe locations (assembly points), 

alternative evacuation routes, and additional evacuation sites.  

 

METHOD 

The tsunami numerical simulation was carried out using the Cornell Multi-grid Coupled 

Tsunami Model (COMCOT), which applies both linear and nonlinear shallow water equations 

(SWEs and NSWEs, respectively) [23,25,27–29]. The equations were solved using the leap-frog 

staggered scheme as in the Finite Difference Method. In addition, the COMCOT linear shallow 

water equation in the spherical coordinate system is expressed in Equation 1-3.  
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Meanwhile, the nonlinear shallow water equation denoted in Equation 4-6. 
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With P serving as the volume flux in the x direction (East-West), Q is referred to as the 

volume flux in the y direction (North-South), h to the depth of the grid to mean sea level, while 

(𝑢, 𝑣) indicate the velocity in the x and y directions, respectively. Further, η points out the water 

surface elevation, (𝜙𝜓) latitude, and longitude in the spherical coordinate system, R for the 

Earth’s radius, while g represents gravity. The − ∂h/ ∂t  denotes the temporary seafloor 

movement effect, and the Coriolis force coefficient caused by the Earth’s rotation is stated as f. 

In addition, Ω indicates the Earth’s rotation rate, and H is the total water depth. Fx and Fy signify 

the bottom friction in the ψ and φ directions, respectively. Meanwhile, n denotes Manning’s 

roughness coefficient. 
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The tsunami numerical simulation produces estimates of tsunami arrival times as well as 

those of tsunami amplitude and height. The estimated tsunami arrival time is intended to be the 

time the tsunami arrives at the coastline of the research area. Meanwhile, amplitude is defined 

as the height of the tsunami wave on the coastline. Meanwhile, tsunami height signifies the 

height of the tsunami wave on the land. Furthermore, combining all the information provided 

produces a tsunami hazard map. 

In order to achieve a more detailed result, a nesting grid method is conducted by creating 

four grids with Sabang and Weh Island as exposure areas. Grids, commonly mentioned as layers, 

are illustrated in Figure 2. The latest land cover variation is also considered in tsunami 

numerical simulation. In Weh Island, Sabang is covered by river, sea, settlement, and coastal 

vegetation. The land cover variation of Sabang, Weh Island, as shown in Figure 3, represents the 

roughness coefficient in tsunami modeling (Table 1). 

 

 

 

(a) (b) 

Figure 2. (a) Grids or Layers of Numerical Tsunami Simulation Schema. Exposure (Red Box, 

Layer 1-3) Area of Tsunami Numerical Simulation Model in SABANG. (b) The Land Cover 

Existing in Sabang City 

 

Table 1. Manning Roughness for Coefficient Land Cover for Tsunami Numerical Modeling 

[23,25,28] 

Land cover Manning roughness 

Water area, Roads 0.025 

Middle density residential area  0.050 

 

Moreover, topographic data based on the digital elevation model (DEM), sea level model 

data (bathymetry), and data obtained from the Geospatial Information Agency (BIG, Indonesia) 

were also used to support numerical simulations of tsunamis. Bathymetry data for Layers 1–4 

were retrieved from BATNAS with a resolution of 180 meters in all scenarios 

(https://tanahair.indonesia.go.id/demnas/#/batnas). Meanwhile, Digital Elevation Model (DEM) 

data from DEMNAS with a resolution of 8 meters were also adopted for land topography data 

https://tanahair.indonesia.go.id/demnas/#/batnas
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(https://tanahair.indonesia.go.id/demnas/#/demnas).  

In addition to constructing a multilevel layer model, a numerical tsunami simulation was 

carried out with an earthquake as a generator, which was assumed to be a fault plane (Figure 4) 

[23,26–32]. The fault plane model included earthquake hypocenter parameters as shown in 

Table 2, namely, latitude, longitude, depth, strength (magnitude), strike, dip, slip, and duration 

of fracture deformation (rupture duration). In this study, the fault plane model adopted was 

based on the previous research, with the following fault plane model parameters [26] as Table 

2. 

Table 2. Fault plane model parameters used as a source of tsunami generators. 

Sub-fault Longitude Latitude Length Width Depth Strike Dip 

A 2.37 95.55 100 100 10 340 10 

B 3.23 95.23 160 100 10 340 10 

C 4.45 95.25 150 90 10 340 10 

D 5.73 93.80 150 100 10 340 10 

E 6.00 94.57 150 100 27 340 10 

F 6.87 92.93 150 100 5 340 10 

G 7.13 93.70 150 100 22 340 10 

H 8.17 92.47 150 100 5 340 10 

I 8.43 93.23 150 100 22 340 10 

J 9.62 92.40 100 110 10 340 10 

K 10.45 95.08 150 110 10 340 10 

L 12.03 92.00 100 1125 5 10 10 

 

 

Figure 4. Illustration of a Fault Plane Model in a Tsunami Numerical Simulation [26] 

 

 

RESULTS AND DISCUSSION  

Based on the numerical tsunami simulation results, the tsunami hazard zone in Sabang 

covers most of Sabang City. In addition, numerical simulations also result in estimates of 

https://tanahair.indonesia.go.id/demnas/#/demnas
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tsunami arrival times, amplitude, and height. The estimated maximum tsunami amplitude, as 

illustrated in the yellow bar graph (h> 3 meters) in Figure 5 on the Weh Island coastline, was 8 

m. The result is slightly higher than previous studies that mentioned the maximum tsunami 

height was around 6.6 m [33,34]. The tsunami was modeled by an earthquake with a magnitude 

of Mw 9.3 (2004 Aceh Earthquake), which was assumed to be divided into 22 fault sub-plots 

[26]. Referring to the administrative map, the zone with the highest estimated amplitude 

included 3 areas: Balohan, Kuta Ateuh, and Iboih (Figure 6). Those locations are also known as 

the worst-affected areas due to the 2004 Aceh tsunami. Besides, the locations are prone to 

tsunamis based on the spatial planning documents for the City of Sabang for 2012-2032 [22].  

 

 

Figure 5. Tsunami Amplitude Map of Sabang city. The Maximum Amplitude of the 

Tsunami was 8 Meters Relative to The Mean Sea Level 

 

Meanwhile, the estimated tsunami height, as illustrated by the tsunami inundation map 

(Figure 6a), explains that the tsunami hazard zone covers 3 out of the 14 potential tsunami 

hazard areas in the RTRW of the Sabang City Government for the 2012-2032 period (Figure 6b), 

including Balohan, Kuta Ateuh, and Iboih [21,22]. The three affected areas are also known as 

densely-populated areas, with Balohan resided by 2,527 people and Kuta Ateuh 4,346 people. 

Meanwhile, Iboih, with 696 people in total, is known as a tourist spot that has the potential for 

a short-term population increase. Moreover, the height of the tsunami in the three locations 

reached 5-8 meters above the ground (topography). 
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(a) 

 

(b) 

Figure 6. (a) Tsunami inundation map of Sabang city. There are three areas of high tsunami 

inundations shown in the red box i.e., Balohan (1), Kuta Ateuh (2), and Iboih (3). (b) 

Meanwhile, based on Urban Plan of Sabang city for 2021-2032, it is also indicated that these 

three locations are tsunami potential zones (red zone) 
 

In addition to the amplitude and height of the tsunami, the numerical simulation also 

generated an estimate of the arrival time of the tsunami at the exposure area. In fact, the 

estimated arrival time of the tsunami was calculated from the height of the tsunami, reaching 

0.5 meters from the average sea level [10,28]. The estimated arrival time of the tsunami in Sabang 

City, as shown in Figure 7, constituted 9-12 minutes after the earthquake. Meanwhile, for several 

cities in Aceh Province, the estimated arrival time for the tsunami varied, i.e., 20 minutes in 

Banda Aceh, 28 minutes in Aceh Jaya, 35 minutes in Meulaboh, 49 minutes in Tapak Tuan, and 

56 minutes in Aceh Singkil. It is insignificantly different from the results of previous research, 

1 

2 

3 
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where almost every part of the western areas of Aceh Province had shown an estimated tsunami 

arrival time of under 60 minutes, except in Tapak Tuan and Aceh Singkil areas [10,35]. The 

differences in estimated tsunami height and arrival time managed to occur due to data 

differences, such as earthquake source models, roughness coefficients, and image resolution of 

digital elevation models and bathymetry used. Basically, the modeling fairly corresponds to 

several previous studies in Sabang. Based on the estimated arrival time and height of the 

tsunami, the tsunami potential for Kota Sabang was classified as a MAJOR WARNING with an 

arrival time of under 60 minutes and a tsunami height above 3 meters (BMKG, 2010). In more 

detail, some locations with MAJOR WARNING or prone to tsunamis with a height reaching >3 

m (h > 3 m) comprised Balohan, Kuta Ateuh, and Iboih as per the spatial planning document for 

the City of Sabang for the 2012-2032 period. For a more detailed study, additional modeling 

with Balohan, Iboih and Kuta Ateuh as the exposure areas was carried out, as shown in Figure 

6. 

 

Table 3. Fault plane model parameters used as a source of tsunami generators [2,10,11] 

Wave height Tsunami arrival time / Status 

<60 minutes >60 minutes 

0.5 meters ALERT ALERT 

0.5 meters < h < 3 meters WARNING ALERT 

h >3 meters MAJOR WARNING WARNING 

 

 

Figure 7. Estimation of Tsunami Arrival Time Map 
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Balohan 

For Balohan, the tsunami inundation zone (Figure 8) includes several vital buildings such 

as ports, settlements, and schools. Based on the RTRW of the Sabang city administration for the 

2012-2032 period, evacuation sites for the Balohan area include public facilities and open spaces 

such as the sub-district office, the Balohan health center, and an incline [22]. Meanwhile, for the 

evacuation route (as shown in Figure 8), the path to the evacuation sites is through the main 

route (in red line). Balohan, furthermore, is known to have an area of 103.61 Ha with a high 

population rate and a gulf coast type that is seen to have a greater chance of accommodating a 

tsunami. Under these conditions, the evacuation site was too far to reach the sub-district office, 

with the inclining asphalt road. Therefore, numerous alternative evacuation routes are proposed, 

which can be a reference for the community. Alternative routes into the Balohan inundation 

map were drawn and shown in Figure 8. In addition, they are proposed based on several criteria 

that have been regulated by the Circular on Tsunami Evacuation Route Planning Guidelines 

from the Director General of PUPR Number 22 of 2023 [36].  

 

 

Figure 8. Balohan inundation map. The evacuation route and site in the document of 

Spatial Planning and Territory (RTRW) of Sabang City (red line). Recommendations of 

evacuation routes and sites based on the numerical tsunami simulation (green line) 

 

Kuta Ateuh 

Kuta Ateuh is known as a massively populated area and the center of government of Sabang 

City. Therefore, Kuta Ateuh is one of the priorities of the Sabang city government to reduce 

disaster risks. For tsunami disaster, referring to the RTRW document of the Sabang City 

Government for the period of 2012-2032, the Kuta Ateuh area has had 7 tsunami evacuation 

routes that lead to O. Surapati Street [22]. Further, three tsunami evacuation sites are already 

potentially used for final assembly points, i.e., the Great Mosque of Babussalam, Yos Sudarso 

Field, and the Playground Field. As per the Kuta Ateuh inundation map (Figure 9) and 

topography of Kuta Ateuh, Sabang Hill constitutes an elevated area suitable for an evacuation 

site. As routes to its top are also relatively accessible, Sabang Hill is finally proposed as an 

alternative evacuation site for the community. 
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Figure 9. Kuta Ateuh Inundation Map. The evacuation route and site in document of 

RTRW Sabang City (red line). Recommendations of evacuation routes and sites based on the 

numerical tsunami simulation (green line) 

Iboih 

Iboih, one of the tourism areas as well as icons of Sabang City, is regulated in the RTRW of 

the Sabang City Government for 2012-2032 [22]. The main plan is to occupy public facilities such 

as village offices and mosques as evacuation sites. Unlike in the Balohan and Kuta Ateuh Areas, 

Iboih only has a single route in and out of the area. Thus, for the evacuation route, the path will 

be through the main route leading to the evacuation site, as shown in Figure 10. Iboih is also 

affiliated with Rubiah Island, which is also set as a tourism destination for domestic and foreign 

tourists. Access to Rubiah Island only uses a small boat via the Teupin Layeu Harbor in Iboih. 

Unfortunately, Rubiah Island is excluded from the prioritized areas that have to receive 

attention as the potentially damaged area even though it is as prone as the Iboih area to tsunamis 

in addition to having a lack of access to evacuation. Thus, a hill on Rubiah Island is 

recommended as one of the evacuation sites, with the Garuda Monument as the extra 

evacuation site in Iboih. 

 

 
Figure 10. Iboih Inundation Map. Recommendations of evacuation routes and sites based 

on the numerical tsunami simulation (green line) 
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Tsunami evacuation site recommendations 

In brief, the tsunami evacuation site recommendations in Sabang City are written in Table 

4. The tsunami evacuation site recommendations, such as buildings and hills, are chosen based 

on several criteria following the Indonesian National Standard [11]. The alternative evacuation 

sites need to meet the Indonesian National Standard (SNI) as follows: (1) the location altitude is 

higher than the tsunami’s height; (2) the building is earthquake-resistant and far from material 

flow potential or collapsed buildings; (3) the site is government-owned (public buildings) or 

privately-owned, but still allowed to be used as evacuation sites. Besides referring to Indonesian 

National Standard criteria, an extra criterion is also supplemented for a recommendation that 

the sites for evacuation must be connected with fast and easily accessible routes. 

 

Table 4. Evacuation Site Recommendations 

No Building name Latitude Longitude Area Picture  

1 Jami Syuhada Mosque 5.8313 95.3469 Balohan 

 

2 Balohan Hill 5.8264 95.3582 Balohan 

 

3 SMP N 3 Sabang 5.8351 95.3393 Balohan 

 

4 Sabang Hill 5.8914 95.3133 Kuta Ateuh 

 

5 Babussalam Mosque 5.9007 95.3170 Kuta Ateuh 
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No Building name Latitude Longitude Area Picture  

6 Playground Area 5.8939 95.3196 Kuta Ateuh 

 

7 Rubiah Island 5.8817 95.2581 Iboih 

 

8 Garuda Monument 

(Tugu Garuda) 

5.8723 95.2549 Iboih 

 

9 Tuha Babul Ibad 

Mosque 

5.8726 95.2566 Iboih 

 

 

The recommended evacuation sites are one of the final products of tsunami modeling that 

requires accurate topography and coastline typology data. Based on those data, tsunami 

modeling can result in an ideal estimation of tsunami wave heights and travel time. However, 

using high-resolution data, such as the primary model of bathymetry and topography, will 

generate a better estimation of tsunami wave heights and travel time. 

By improving topography and bathymetry data, it is strongly expected that the simulation 

of incoming tsunami waves can be of better accuracy. Based on these results, it is also hoped 

that understanding will be improved, not only about how to deal with disasters but also how 

to care for physics, especially in terms of wave mechanics, like the main characteristics of 

tsunami waves towards various shapes of coastlines. 

 

CONCLUSION 

The 2004 tsunami taught us many lessons, primarily about the earthquake cycle. 

Earthquakes at a specific location have the potential to recur in the future. This research resulted 

in several tsunami hazard zones in Sabang City, such as Balohan, Kuta Ateuh, and Iboih. 

According to the RTRW of the City of Sabang, Balohan, and Kuta Ateuh, these areas are 

potentially affected by tsunamis. Unfortunately, Iboih, the main tourism spot in Sabang City, is 

not even included in the tsunami hazard zones. As per the results of the tsunami modeling using 

the latest land cover data in Sabang City, as many as nine additional evacuation buildings are 

recommended, three of which are located in the Iboih and Rubiah Island areas. 
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