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Abstract. The 2004 Indian Ocean tsunami caused dreadful damage in the Meuraxa sub-
district, Banda Aceh, Indonesia. After a decade, human population and land settlement
growing in the tsunami prone area especially in Meuraxa sub-district. The COMCOT
model was applied to simulate the tsunami wave. The building shape in simulation area
was developed by using the Building Block model from the Open Street Map data. The
study is aimed at investigating the impact of 2004 Indian Ocean Tsunami on human lives
with the building shape condition in 2017 based on the Open Street Map. The result
indicated that Meuraxa sub-district area have hazard ratio with value about 1. The local
community, who stay in this prone area, cannot survive from the future of tsunami disaster.
The human casualties in this area are able to reach as same number as in the 2004 event
without a proper of mitigation program from local government.
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1 Introduction

Flooding due to extreme events such as tsunami and storm surges frequently cause severe
impacts toward coastal communities. Tsunami event, such as the 2004 Indian Ocean Tsunami
in Banda Aceh city, lead adverse impacts by causing physical damage on constructions, human
casualties, and economic losses. Post 2004 tsunami disaster, the damage had left land cover
around coastal areas becoming open grounds where houses and facilities destroyed, and also
caused in decrease of population. Most of coastal area communities work as fisherman for their
primary occupation before tsunami occurred. Few months later, the remaining fisherman
coming back to their land and re-starting their live and activities back. Therefore, the human
population and economic activities were gradually growing in this area. The growing of
population have generated economic improvement and land cover change from pre to post
disaster state. More than a decade later the land cover of Banda Aceh coastal areas, especially
houses and public facilities, have returned to its initial state as before the tsunami occurred.

The building, which lies around the coastal area, are able to influence the hydrodynamic of
tsunami wave by reducing the inundation distance into coastal area. Several studies based on
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numerical modelling showed that the inundation distance decrease due to the existence of local
building. However, the building in the coastal area also able to induce swift current on the street.
The current of tsunami wave can carry debris of destroyed building or material, car, and human.
By the growth of population and land cover especially houses, it able to make the coastal area
become more vulnerable toward the extreme event such as the tsunami wave [1]. Therefore,
study regarding the tsunami impact on human life due to swift current on the street in the past
affected area is expected to be important for evacuation program in order to mitigate the impact.

In recent decades, tsunami numerical simulations have been developed by applying a
hydrodynamic model to simulate a tsunami wave, from its generation and propagation until
inundation, such as Method of Splitting Tsunami (MOST) [2], Tohoku University’s Numerical
Analysis Model for Investigation of Near-field tsunamis (TUNAMI-N2) [3], Cornell Multigrid
Coupled Tsunami Model (COMCOT) [4][5]. Those models are open-source models which
developed based on Shallow Water Equations (SWE). Several benchmark studies for COMCOT
model were conducted in previous studies to evaluate the numerical model’s validity with
analytical solution, laboratory, and field measurements [6][7][8]. The COMCOT model has
been used to estimate the inundation area and time of arrival known as Estimate of Inundation
Area (EIA) and Estimated Time of Arrival (ETA), which contributes to the mitigation concept
of creating a tsunami hazard map and incorporation with a tsunami early warning system [9].

However, the building shape is difficult to reproduce in the area simulation due to the low
resolution of topography data. The low resolution of topography data only gives information for
ground elevation without providing building elevation. Therefore, the building arrangement
method needs to be applied to obtain high resolution result from numerical simulation in urban
area. The tsunami waves propagation progress during inundation to urban area can be observed
more detail with building condition. There are several methods to treat building condition in the
simulation area such as the building block (BB), building hole (BH), building resistance (BR),
and building porosity (BP) model. These models have been used to investigate the tsunami
inundation distance and impact on urban area. The BR model is generally applied in tsunami
simulation by giving the Manning’s roughness coefficient on building area based on the land-
use type. The BH model have been applied by [10] to investigate tsunami flooding in Kamaishi
city due to the 2011 Tohoku earthquake and tsunami. The BP model have been adopted by [11]
to evaluate tsunami impact in urban area of Onagawa city, Japan. The BB model have been used
by [12] to investigate the inundation distance in Banda Aceh city due to the 2004 Indian Ocean
Tsunami. The BB model treat the building by increasing a ground elevation as same as rooftop
height for the topography data in the simulation area. These models showed good performance
for simulating the tsunami propagation in the urban area.

There are still few studies to re-assessing the tsunami impact on human lives several years after
the disaster in affected area. This paper is aimed at investigating the impact of the 2004 Indian
Ocean Tsunami on human lives with the building shape condition in 2017 based on the Open
Street Map (OSM) data [13]. The BB model was adopted to create the building area on the
simulation area. The study was performed to depict the tsunami wave velocity on the street
during propagation into the Meuraxa sub-district of Banda Aceh city, Aceh Province, Indonesia.
The results of this study are expected to contribute in tsunami evacuation program at rebuild
area in order to mitigate the tsunami impact in the future.



2 Study Area

Banda Aceh is the capital city of the Aceh Province, Indonesia. Banda Aceh city is one of the
cities that receive massive impact due to the 2004 Indian Ocean Tsunami. It is lied near the
Sumatran subduction zone which make the city to be vulnerable toward tsunami disaster. The
tsunami wave able to inundate the city in range 3-4.5 km from the coastline due to its relatively
flat topography. The casualties was reach about 77,000 people in Banda Aceh as one-third of
total victims in Indonesia. There are about 8 sub-district in Banda Aceh city including Meuraxa,
Kuta Raja, Kuta Alam, Syiah Kuala, etc. Meuraxa is one of sub-district in Banda Aceh that
located facing the open sea. The Meuraxa sub-district has chosen as study area due to high
population growth after the tsunami event. The population was estimated about 34,000, 2,000,
and 20,000 in 2004, 2005, and 2015, respectively. The number of population in 2005 decreased
due to the 2004 tsunami wave impact. Several months after tsunami, the remaining people were
choosing to return back to their own land where they do not to purchase new lands to live. The
population increased around 10 times from 2005 until 2015 due to the lower price of purchase
or rent house [14] in this area. The population growth also can be indicated by the land use cover
change by the satellite image in the affected area especially Meuraxa sub-district. Figure 1
shows the land cover change of settlement in 2004, 2005, and 2017. The land use was covered
with the building in 2004. The land use in 2005 mostly was turned into a land type because the
tsunami wave destroyed the building in 2004. However, the land use of structure was returned
to re-dominate the land cover of Meuraxa sub-district after 13 years.
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Fig. 1. a) Study area and Meuraxa sub-district: b) Before tsunami (2004), ¢) After tsunami (2005), and d)
After tsunami (2017).

3 Method and Materials

3.1 Hydrodynamic Model

Cornell multi-grid coupled tsunami model (COMCOT) was applied to simulate the tsunami
wave propagation process into the urban area at Meuraxa sub-district. COMCOT is an open
source model and a tsunami model that capable of simulating tsunami propagation and
inundation at coastal areas. This model has been benchmarked with analytical, laboratory, and
field measurement data for validation [4] and was used to investigate the 2004 Indian Ocean



tsunami [6]. COMCOT can simulate tsunami in specific areas, and parameters can be inputed
to configure layers like the shallow water equation (SWE) that was used in this simulation. In
this study, the COMCOT model, which consist of two SWEs namely the linear (LSWE) and
nonlinear (NLSWE) with a leap-frog explicit finite difference method, was used. For tsunami
in deep ocean, tsunami amplitude is much smaller than the water depth and linear shallow water
equations in Spherical Coordinates can be applied. It is not a proper method for calculating sea
wave hydrodynamics in shallower shore areas (including those areas where tsunamis may
propagate). NLSWE is used in shallow conditions to solve convective inertia force and bottom
friction terms. The LSWE formulated in COMCOT is as follows (the detail equations can be
seen in [5]:
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where ¢ is free surface elevation; R is radius of earth; ¢ and 1 are latitude and longitude of the
earth; P and Q are volume fluxes in West-East and South-North direction; g is the gravitational
acceleration; h is still water depth; and f represents the Coriolis force coefficient.
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Fig. 2. The initial condition (water surface elevation) for the 2004 Indian ocean earthquake.



3.2 Initial Condition

A multi-fault model was proposed by several researchers to represent the 2004 Indian Ocean
earthquake due to its complexity. The earthquake’s rupture area extended approximately 1200
km from the epicenter, in western Aceh Province, to the Andaman Islands. The fault parameters
published by [15] were applied in this study to generate the bottom deformation as an initial
condition to generate the tsunami wave, as shown in Figure 2. The source was divided into five
segments with a total seismic moment equivalent to Mw = 9.22. The fault parameters were
validated by comparing the simulation results to satellite transect, tide gauge, and run-up height
measurements near the Banda Aceh coast. The bottom deformation was generated using the
deformation model proposed according to [16]. The COMCOT model assumed that the sea
surface changes instantaneously followed the deformation of the sea bed as the initial condition
for the tsunami wave in 2004. This is the same model that was used to investigate the
morphological changes to the Khao Lak coast in Thailand during the 2004 tsunami [17].
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Fig. 3. Nested grids for the COMCOT simulation domain showing a) Layers 01-04 and b) Layers 05-06.

3.3 Grid Setup and Input Data

The multi later system in COMCOT model was adopted to obtain accurate and detailed
hydrodynamic process in the urban area. The tsunami velocity and height can be observed more
detail based on high-resolution data. Six nested grid layers were used to simulate the tsunami
wave from the 2004 source to the Meuraxa as shown in Figure 3. The input parameters
implemented on each layers such as grid size, extent area, and SWE type can be seen in Table
1. General Bathymetric Chart of the Ocean (GEBCO) data [18] were adopted for bathymetry
and topography data in layers 1-4. The GEBCO data are open source for general bathymetry
and topography data with resolution about 0.5 arcminute. The Generic Mapping Tools (GMT)
[19] were applied to interpolate the GEBCO data for layers 2-4 due to implementing a smaller
grid size than the GEBCO data. The bathymetry and topography for layers 5-6 were developed
with nautical chart data measured by Dishidros of TNI AL Indonesian with scale about
1:100,000 in 2001. The Quantum GIS (QGIS) [20] software were used to digitizing the nautical
chart data. The GEBCO and nautical chart data were combined by applying Quickin and Refgrid



software in Delft3D open source [21]. The manning values for water and land were specified
with value about 0.013 and 0.025 on layers 1-6. The tsunami wave was prevented to overtop the
building in the simulation area. The building in the simulation area were assumed have elevation
that higher than the tsunami inundation depth. Hence, the manning roughness value for the
settlement cover were assumed similar with the land cover.

Table 1. Information on the setup of the six layers for simulation.

Layer 01 Layer 02  Layer 03  Layer 04 Layer 05 Layer 06

Number of arids 974 X 898 X 745 X 930 X 1044 X 1412 X
g 1124 748 740 935 1744 1764
Lati. (degree) 88-101 92-98 94.7-95.7 95.2-954  95.3-95.33  95.28-95.31
Longi. (degree) 0-15 4-9 5.3-6.2 5.5-5.75 5.53-5.65 5.55-5.58
Grid size (m) 1480.8 740.4 148.08 29.616 7.404 1.851
Grid size ratio - 2 5 5 4 4
Cc;;gctj:::te Spherical ~ Spherical ~ Spherical ~ Spherical Spherical Cartesian
SWE Linear Linear Linear Linear Linear Non-linear
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Fig. 4. Buiding locations in Meuraxa sub-district of Banda Aceh city. a) OSM data, b) Extracted building
shape from OSM data as polygon, c) Divided topography data inside the polygon, and d) Topography
data with building shape on the simulation area.

3.4 Building Treatments

The low resolution topography data, which developed based on the GEBCO data and nautical
chart data, was used for Layer 06 as the innermost layer. The building shape and height
information did not available from this data. Therefore, the BB model was applied to updating
the topography data with the building condition. The building parameters such as shape and
location was obtained from the Open Street Map (OSM) data. Figure 4 is show a method that
applied to create the building block in the simulation area with structured meshes.



QGIS software was applied to obtain the OSM data. Figure 4a show the building shape and
location on the Meuraxa sub-district area from the OSM data. The shape of building was
extracted as the polygon in QGIS. The topography data, which located inside the polygon, was
updated with elevation about 10 m. The topography data inside the polygon was assumed as
building in the simulation area. The building was assumed have an elevation higher than the
tsunami wave height and cannot destroyed by the tsunami wave in order to observe the tsunami
velocity on the narrow street between each building. Figure 4d indicated that the structured
meshes is capable to create the building shape similar with the OSM data in the simulation area.

3.5 Flood Impact Assessment on Lives

The tsunami flood able to give massive impact toward human lives in the urban area. The
hydrodynamic force from the tsunami wave can produce a number of fatalities by sweeping
away the residents far inland. The flood impact toward human lives can be calculated
quantitatively based on the relationship between tsunami height and velocity. The human
instability can be calculated by several formulas such as empirical and semi-analytical. The
human instability is determined based on the relationship between the critical velocity and water
depth. The equation based on weight and height of person is popular to calculating the human
instability. The equation that proposed by [22] was adopted to calculate the human instability
due to hydrodynamic force as follow:

DUc = 0.004HM + 0.2 (@)

where D is water depth (m). Uc is critical velocity (m/s). H and M are height (m) and weight
(kg) of person, respectively. The human instability is shown based on a critical velocity. That
means the human able to stand from the tsunami wave when its velocity lower than the critical
velocity. The values of critical velocity are varies depend on the inundation depth. The critical
velocity will be lower if the inundation become higher.

The hazard ration (HR) can be calculated based on a comparison the critical velocity and the
tsunami wave velocity. The critical velocity was obtained from the human instability formula.
The tsunami wave velocity (Us) was simulated by the COMCOT maodel. The estimation of
hazard ratio proposed by [23] was adopted with the equation as follow:

- min (1%
HR = min (1, UC) (5)

The maximum of HR was set with value about 1. The value show that the tsunami wave height
exceeded the height of human body. The Statistic Bureau of Japan data that applied by [24] to
calculate the human instability was adopted with value about 1.51 m and 52 kg for height and
weight of an elderly, respectively.



4 Results and Discussion

4.1 Tsunami Wave Inundation Induced Current on the Street

Figure 5 shows the tsunami wave propagation process and velocity during inundated toward
the urban area. The tsunami wave arrived at the one of escape route in Meuraxa and propagated
through the escape route after 44 minutes as shown in Figure 5a. The tsunami wave velocity
and height reached more than 4 m/s and 4 m on the escape route, respectively. The urban area
able to induce the higher velocity on the escape route due to the building closeness. After 50
minutes, the tsunami height and velocity were decreased. That can be happened because the
existent of building able to reduce the tsunami wave force. The building able to reduce the
hydrodynamic forces in the urban area [25]. Therefore after 54 minutes propagate far inland,
the tsunami wave velocity decreased with value around 0.5 m/s.
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Fig. 5. Snapshots of tsunami propagation process at: a) t=44 mins, b) t=50 mins, and c) t=54 mins. The
left side indicates tsunami wave velocity. The right side shows the tsunami wave height. The escape
route is indicated by a purple polygon.

4.2 Evaluation of Tsunami Flood Toward Human Lives

Figure 6 is show the HR results between the critical velocity and the tsunami wave velocity
based on the Karvonen formula. The HR value is about 1 for the entire of simulation area. The
critical velocity was calculated based on the elderly condition. Therefore, the Meuraxa sub-
district have the maximum of the high risk for the tsunami wave impact toward not only for the
elderly but also for children on this area. The people on this area will not be able to survive
when the tsunami inundated into this area. The flood will be easily to wash out the local
community due to the tsunami wave velocity was much higher than the critical velocity.
Although the tsunami velocity reduce around 0.5 m/s far inland after about 54 minutes as shown



in Figure 5cl, the tsunami wave height exceed the human height with value about 2 m as
depicted in Figure 5c2.

The HR results also indicated that the number of casualties will be similar with the past tsunami
event in 2004 for this area. The risk toward human lives could become higher due to the cycle
of the big earthquake occurrence with interval around 150-200 years and the population growth
in the tsunami prone area especially the Meuaraxa sub-district. Several studies indicated that the
tsunami wave height and the affected area will be increased due to the climate change that cause
sea level rise in Banda Aceh city [26]. Therefore, a proper of evacuation program is needed in
this area to mitigate the tsunami impact in the future.

4.3 Arrival Time

Despite the HR results is more than 1 for entire simulation area that indicated the human will
be fall due to the tsunami wave, the arrival time results revealed that the local community still
have a time about 40 minutes before the tsunami wave arrived at the coastal area. That can be
seen in Figure 7. The local community able to escape to an escape building or designed place
for escape when tsunami coming. The local comunity on other areas which have the arrival time
more than 48 minutes and located far from the coastal area can be escape to the higher or
unaffected area by the tsunami wave. This findings could be useful for local authorities and
decision makers to develop more appropriate escape route zone and program such as enhancing
the local community knowledge to mitigate the tsunami wave impact toward the human lives.
However, the settlement area in this area have big probability to destroy again by the tsunami
wave as shown in Figure 1c due to a height intensity of the hydrodynamic force. There are
unavailable any structure to protect the coastal area from the tsunami disaster even the local
government allow the local community for return to the affected area.
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5 Conclusion

This study was conducted to assess the tsunami wave impact on human lives in the Meuraxa
sub-district of Banda Aceh city. The COMCOT model was used to simulate the tsunami wave.
The Building Block model was adopted to create the building shape on the simulation area. The
OSM data was applied to obtain the building shape location in the simulation area. The main
results obtained by this study is in the Meuraxa sub-district have the HR value about 1 for the
entire simulation area. That indicated the local community, who stay in this area will not be able
to survive if the tsunami wave hit this area. The tsunami wave velocity, which calculated as the
critical velocity, was much higher compare with the human capability to stand from the flood.
On the other hand, the tsunami wave will be arrived around 40 minutes to the coastal area. It
gives enough time for the local community to escape from the tsunami wave. This finding could
be useful for the local government to enhance the escape program in the affected area to mitigate
tsunami wave impact in the future due to the population growth in the tsunami prone area.



References

[1] Neumann B, Vafedis AT, Zimmermann J, Nicholls RJ. Future coastal population growth and
exposure to sea-level rise and coastal flooding-a global assessment. PloS ONE. 2015;10(6). Doi:
https://doi.org/10.1371/journal.pone.0131375

[2] Titov VV, Synolakis CE. Numerical modeling of tidal wave runup. Journal of Waterway, Port,
Coastal, and Ocean Engineering. 1998;124(4):157-171.

[3] Goto C, Ogawa Y, Shuto N, Imamura F. Numerical method of tsunami simulation with the leap-
frog scheme. In: IUGG/IOC TIME Project Intergovernmental Oceanographic Commission of
UNESCO, Manuals and Guides 25. Paris: Unesco; 1997.

[4] Liu PL, Cho YS, Briggs MJ, Kanoglu U, Synolakis CE. Runup of solitary waves on a circular island.
Journal of Fluid Mechanics. 1995;302:259-285.

[5] Wang X. User manual for COMCOT version 1.7 (First draft) [Internet]. Cornel University; 2009.
Available from:
https://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.512.84&rep=repl&type=pdf.

[6] Wijetunge JJ, Wang X, Liu PL. Indian ocean tsunami on 26 december 2004: numerical modeling
of inundation in three cities on the south coast of sri lanka. Journal of Earthquake and Tsunami.
2008;2(2):133-155.

[7] Wijetunge JJ. Field measurements and numerical simulations of the 2004 tsunami impact on the
south coast of Sri Lanka. Ocean Engineering. 2009;1(12-13):960-973.

[8] Wang X, Liu PL. Numerical simulations of the 2004 Indian Ocean tsunamis—coastal effects.
Journal of Earthquake and Tsunami. 2007;1(3):273-297.

[9] Syamsidik Rasyif TM, Kato S. Development of accurate tsunami estimated times of arrival for
tsunami-prone cities in Aceh, Indonesia. International Journal of Disaster Risk Reduction.
2015;14:403-410.

[10] Akoh R, Ishika T, Kojima T, Tomaru M, Maeno S. High-resolution modeling of tsunami run-up
flooding: a case study of flooding in Kamaishi city, Japan, induced by the 2011 Tohoku tsunami.
Natural Hazards & Earth System Sciences. 2017;17(11):1871-1883. Doi:
https://doi.org/10.5194/nhess-17-1871-2017.

[11] Yamashita K, Suppasari A, Oishi Y, Imamura F. Development of a tsunami inundation analysis
model for urban areas using a porous body model. Geosciences. 2018;8(1):12.

[12] Komatsu Y, Sasaki J, Masumaru R. Hindcasting of 2004 indian ocean tsunami in Banda Aceh,
Indonesia, using FVCOM. Journal of Japan Society of Civil Engineers, Ser. B2 (Coastal Engineering).
2010;66(1):256-260.

[13] Open Street Map. Open street map Indonesia [Internet]. Open Street Map; 2017 [cited 2020
January 20]. Available from: https://tile.openstreetmap.org/.

[14] Syamsidik, Oktari RS, Munadi K, Arief S, Fajri 1Z. Changes in coastal land use and the reasons
for selecting places to live in Banda Aceh 10 years after the 2004 Indian Ocean tsunami. Natural
Hazards. 2017;88(2):1503-1521.

[15] Grill ST, Loualalen M, Asavanant J, Shi F, Kirby JT, Watts P. Source constraints and model
simulation of the December 26, 2004, Indian Ocean Tsunami. Journal of Waterway, Port, Coastal, and
Ocean Engineering. 2007;133(6):414-428.

[16] Okada Y. Surface deformation due to shear and tensile faults in a half-space. Bulletin of the
seismological society of America. 1985;75(4):1135-1154.

[17[ Li L, Huang Z, Qiu Q. Surface deformation due to shear and tensile faults in a half-space. Bulletin
of the seismological society of America. 2014;74(3):2251-2577.



[18] Weatherall P, Marks KM, Jakobsson M, Schmitt T, Tani S, Arndt JE, et al. .: A new digital
bathymetric model of the world's ocean. Earth and Space Science. 2015;2(8):331-45.

[19] Wessel P, Smith WH, Scharroo R, Luis J, Wobbe F. Generic Mapping Tools: Improved Version
Released. Eos Trans. Am. Geophys. Union. 2003;94:409-420.

[20] QGIS Development Team. QGIS Geographic Information System. Open Source Geospatial
Foundation [Internet]. QGIS; 2009 [cited 2018 November 11]. Available from:
https://www.qgis.org/en/site/.

[21] Delft3D 4. Delft3D 4 - Open source community [Internet]. Delft3D; 2018 [cited 2018 December
4]. Available from: https://oss.deltares.nl/web/delft3d.

[22] Karbonen RA, Hepojoki A, Huhta HK, Louhio A. RESCDAM Development of Rescue Actions
Based on Dam-Break Flood Analysis. Kasikirjoitus: The use of physical models in dam-break flood
analysis 2001.

[23] Kvocka D, Falconer RA, and Bray M. Flood hazard assessment for extreme flood events. Natural
Hazards. 2016;84(3):1569-1599.

[24] Nakamura, R., Méll, M. and Shibayama, T. Street-scale storm surge load impact assessment using
fine-resolution numerical modelling: a case study from Nemuro, Japan. Natural Hazards.
2019;99(1):391-422.

[25] Brown JD, Spencer T, Moeller I. Modeling storm surge flooding of an urban area with particular
reference to modeling uncertainties: A case study of Canvey Island, United Kingdom. Water Resources
Research. 2007;43(6).

[26] Tursina, Syamsidik, Kato S. Projections of tsunami inundation area coupled with impacts of sea
level rise in Banda Aceh, Indonesia. AIP Conferene Proceeding. 2017;1892(1). Doi:
https://doi.org/10.1063/1.5005735.



	1 Introduction
	2 Study Area
	3 Method and Materials
	3.1 Hydrodynamic Model
	3.2 Initial Condition
	3.3 Grid Setup and Input Data
	3.4 Building Treatments
	3.5 Flood Impact Assessment on Lives

	4 Results and Discussion
	4.1 Tsunami Wave Inundation Induced Current on the Street
	4.2 Evaluation of Tsunami Flood Toward Human Lives
	4.3 Arrival Time

	5 Conclusion
	References

