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Abstract

This paper reflects on the progress of tsunami preparedness in a coastal community in Aceh, Indonesia, nearly

two decades after the catastrophic 2004 Indian Ocean Tsunami. The research employs a comprehensive approach
to thoroughly evaluate and comprehend the community’s preparedness, its correlation with local perceptions

of tsunami risk, and delves into the prevalence of tsunamis in the area, with a specific emphasis on the significant
impact of the 2004 Indian Ocean Tsunami on the coastal community of Aceh. To investigate the community’s readi-
ness and the potential impacts of tsunamis at the study site, tsunami simulations were performed using the shal-
low water equation within the COMCOT (Cornell Multi-grid Coupled Tsunami) model. These simulations assessed
run-up and inundation scenarios, thereby providing justification for the potential tsunami impact in the area.
Modelling the scenario of tsunami in the region is important to measure the potential impact and estimation time
for community to prepare the evacuation plan. In addition to the numerical modeling, a mixed-method approach
was employed, involving the distribution of questionnaires and conducting in-depth interviews with 150 respondents
directly on-site. These assessments yielded valuable insights into community perspectives on tsunami risk and their
preparedness measures. The findings contribute to the development of effective strategies for disaster management
by integrating local knowledge, experiences, and socialization programs. The study emphasizes the significance

of ongoing endeavors to enhance community preparedness and mitigate the consequences of tsunamis.
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Introduction

Seismic activity in the waters off western Sumatra occurs
quite intensively. This can be attributed to its complex
tectonic setting resulting from the convergence of the
Indian Plate with the Eurasian/Indian and Australian
Plates (McCaffrey 2009). The Sumatra fault, spanning
1900 km with multiple segments, is formed due to the
interaction between these plates (Sieh and Natawidjaja
2000). This dynamic interaction generates tectonic earth-
quakes, some of which trigger tsunamis (Haridhi et al.
2018; Lange et al. 2018; Weller et al. 2012).

Over the past two decades, Sumatra has been a focal
point of tsunami occurrences in Indonesia, with 60% of
all tsunamis impacting the region and inflicting signifi-
cant land damage. This era of increased tsunamigenic
events commenced with the devastating Indian Ocean
Tsunami (IOT) on December 26, 2004. The IOT was ini-
tiated by an earthquake ranging in magnitude from 9.1 to
9.3 Mw (Ammon et al. 2005; Lambotte et al. 2006; Park
et al. 2005; Vallée 2007), the variation in magnitude being
attributed to varying assumptions about fault geom-
etry. Chlieh et al. (2007) calculated a magnitude of 9.15
Mw using a coseismic model with a fault dimension of
1500 km in length and 150 km in width. Subsequently,
an 8.7 Mw earthquake struck the southeastern side of
the IOT source, leading to another destructive tsunami
affecting Nias and Simeulue Islands (Hsu et al. 2006; Sub-
arya et al. 2006). This rupture occurred precisely in the
location of an 8.5 Mw earthquake in 1861 (Gahalaut and
Catherine 2006). In addition to these events, other tsuna-
mis, such as the one in 2005 triggered by a 7.8 Mw earth-
quake off the Mentawai Islands (Newman et al. 2011),
have impacted the region. The waters off West Sumatra
Province have also witnessed numerous significant earth-
quakes (exceeding 8 Mw) in the past, as meticulously
analyzed by Philibosian et al. (2017), who studied eight
rupture events spanning from 1520 to 2000. Notably,
two out of these three major tsunamis directly affected
the Aceh mainland in northern Sumatra. Further under-
scoring the region’s seismic vulnerability, April 11, 2012,
marked a historic moment with the occurrence of the
largest recorded strike-slip earthquake (8.6 Mw and 8.2
Mw) in history. With only a 2-hour interval between the
two events, this unprecedented seismic activity (Deles-
cluse et al. 2012; Duputel et al. 2012; Lay et al. 2005;
Wang et al. 2012; Yue et al. 2012). Geodetic and geomor-
phic studies assessing the distribution of slip/locking on
the Sumatra fault, as conducted by Tabei et al. (2017),
suggest that the potential for significant earthquakes in
Aceh remains considerable.

Notably, the historical record extends far into the past,
with tsunamis having left their mark on Aceh’s shores for
centuries. Paleo-tsunami studies by Monecke et al. (2008)
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along the west coast of Aceh (Meulaboh) have unveiled
evidence of recurring tsunami damage dating back a mil-
lennium. Similarly, investigations by Sieh et al. (2015)
along the Lambaro coast have identified two distinct tsu-
namis occurring between 1394 and 1396 and 1450-1453.
Also, Wassmer et al. (2015) applied the anisotropy of
magnetic susceptibility (AMS) technique to analyze a his-
torical tsunami deposit, uncovering three distinct uprush
pulsations and offering crucial insights into the tsunami’s
orientation, energy, and flow patterns. A comparative
analysis between the 4220 BP tsunami and the 2004 IOT
revealed behavior similarities in the Lampuuk coastal
plain, attributed to bay topography influencing uprush
flow direction. Even more intriguingly, Rubin et al. (2017)
have uncovered ancient tsunamis dating back 7400 years
before the IOT through paleo-tsunami studies in a cave
on Aceh’s west coast. These studies, complemented
by archaeological surveys along a 40 km stretch of the
northern coast, which provide evidence of a devastating
tsunami around 1391 (Daly et al. 2019), underscore the
enduring and cyclical nature of tsunamis in Aceh.

Understanding and reconstructing these past events
is pivotal in deciphering tsunami characteristics, often
accomplished through advanced simulations (Kim
et al. 2013; Koshimura et al. 2009; Martin et al. 2019).
This knowledge serves as the foundation for regional
assessments of tsunami disaster probability, a crucial
component of early warning and preparedness efforts
(Horspool et al. 2014; Mulia et al. 2020; Selva et al.
2021), aligning with the principles outlined in the Sen-
dai Framework, which emphasize disaster understand-
ing and preparedness enhancement (United Nations
Office for Disaster Risk Reduction 2015).

The magnitude of the 2004 IOT and its far-reaching
impacts classify it as a mega-hazard (Synolakis and
Bernard 2006). Notably, the coastal population’s experi-
ence with tsunamis significantly influences the number
of casualties (Imamura et al. 2019). The consequences
of tsunamis extend to coastal erosion, which affects
livelihoods, including damage to fishponds (Grif-
fin et al. 2013), creating a prolonged cycle of recovery
for survivors. Consequently, the post-disaster period
has ushered in a new era in Indonesia’s tsunami miti-
gation efforts, characterized by the development of
disaster management regulations and the implementa-
tion of technology as tangible components of tsunami
mitigation. Nevertheless, despite these strides, enhanc-
ing mitigation systems remains a priority, particularly
in light of the impacts of the Palu-Donggala Tsunami
and the Anak Krakatau Tsunami in late 2018. Indone-
sia’s status as a developing country, with limitations in
acquiring adequate mitigation systems, presents ongo-
ing challenges.
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This research is fundamentally rooted in the need to
learn from previous tsunami events in Indonesia, which
continue to exact a toll on human lives and land infra-
structure. Employing a case study approach, this research
aims to evaluate the impact of tsunamis based on histori-
cal seismic potential. Furthermore, it seeks to map the
level of community preparedness in facing potential tsu-
namis in the study area.

In Fig. 1, a detailed depiction is provided, showcasing
the intricate relationship between tsunami simulation
and the assessment of community preparedness. This
comprehensive research framework encompasses several
interconnected components. It begins with an explora-
tion of Tsunami History, delving into historical seismic
and tsunami data, including the 2004 Indian Ocean Tsu-
nami, while identifying recurring tsunami events and
their impact on Aceh. The framework then extends to
the utilization of a Tsunami Model, where potential
scenarios, encompassing run-up and inundation, are
simulated. Concurrently, the study evaluates Existing
Mitigating Systems, assessing their work and effective-
ness in mitigating tsunami impacts. The research goes
further by delving into the Community Perspective, con-
ducting an in-depth analysis of community viewpoints
regarding tsunami risk. This aspect also scrutinizes how
local knowledge and experiences shape these percep-
tions. Simultaneously, the investigation identifies Gaps in
Community Preparedness, discerning weaknesses in the
community’s preparedness efforts. It considers the multi-
faceted factors contributing to these gaps, encompassing
cultural, social, and economic dimensions. Finally, the
framework addresses the Role of Governance, evaluat-
ing the involvement of local governance and authorities
in disaster management and scrutinizing the policies and
initiatives aimed at enhancing community preparedness.

The theoretical implications of this research extend to
the development of an integrated model for coastal zone
management, encompassing buffer zones to mitigate tsu-
nami damage on land. On a practical level, the research
lays the groundwork for coastal settlement planning and
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the establishment of Temporary Evacuation Sites (TES)
and evacuation routes. For policymakers, implement-
ing this study can serve as a reference in formulating or
updating Regional Spatial Planning (RTRW), Coastal
and Small Island Zoning Plans (RZWP-3-K), and coastal
boundary demarcation.

Study location

The research is focused on the coastal area of Teluk Ulee
Lheue, Peukan Bada Subdistrict, Aceh Besar Regency,
Aceh Province. Administratively, it is located in the Gam-
pong (village) of Lam Guron, Lambaro Neujid, and Lam-
baro. These three Gampongs are part of the Lam Pageu
Mukim, Peukan Bada Subdistrict, Aceh Besar Regency,
Aceh Province. The study location is shown in Fig. 2, fac-
ing the open sea. Lam Pageu Mukim was selected as the
study location based on several considerations. This area
is vulnerable to direct tsunami attacks, as evidenced by
the impact of the 2004 tsunami and the absence of physi-
cal mitigation systems in the field. Additionally, there is
available open space to support implementing tsunami
mitigation systems. Generally, the local population’s
livelihoods are in the agricultural and fishing sectors, as
farmers and fishermen (Badan Pusat Statistik 2020). The
selection of this location is based on the vulnerability to
tsunamis, both historically and the potential assessed
through tectonic order assessments in the Indian Ocean.
Furthermore, after the 2004 Indian Ocean Tsunami, there
has been no physical mitigation implementation except
for socialization and evacuation signage efforts (Syam-
sidik et al. 2019).

The area’s topography is relatively flat, with elevations
ranging from 2 to 4 m above sea level for the coastal
mainland. This coastal area is used for fishing and agri-
cultural purposes, including ponds and rice fields. The
settlements are located along the coastal fringe, with sev-
eral public facilities such as mosques, health centers, and
schools. Approximately 500 m from the coast, the topog-
raphy becomes steeper, characterized by hills surround-
ing the area. An aerial view of the study area is shown
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in Fig. 3. The aerial perspective in the photo also reveals
the spatial arrangement of the Lam Pageu Mukim post-
tsunami and after recovering from the impacts of the
19-year-old Indian Ocean Tsunami.

The 2004 Indian Ocean Tsunami significantly affected
Aceh’s coastal areas, including coastline changes,
land use, community settlements, and infrastructure
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(Syamsidik et al. 2019). In addition to the direct impacts
on these sectors, there were significant changes in the
social aspects of coastal communities following the tsu-
nami. The characteristics of the tsunami that struck the
study area were mega hazards, with recorded tsunami
heights of 20 m and 13.7 m on the hill slopes of Gampong
Lambaro Neujid (Lavigne et al. 2009). The recorded wave

September 2021

% LambaroNeujid, .

Fig. 3 Aerial view of a portion of the study location (Gampong Lambaro Neujid and Lamguron) post-tsunami (left) and after recovery (right)
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heights were influenced by the proximity of the tsunami
source to the Aceh coast, categorizing it as a near-field
tsunami. Thus, the large-scale waves caused significant
damage to the mainland, particularly in the agricultural
and fishing sectors. The presence of mangrove green-
belts in the study location did not play a significant role
in reducing the impacts of the tsunami. On the contrary,
positive effects were observed in the coastal areas of
India and Sri Lanka, where the presence of coastal forests
was able to reduce the damage caused by a tsunami with
heights less than 7 m (Dahdouh-Guebas et al. 2005; Dan-
ielsen et al. 2005; Griffin et al. 2013).

The damage to the fishing and agricultural sectors
subsequently impacted the livelihoods of the local com-
munities. In the Ulee Lheue Bay coastal area, significant
damage occurred to the pond and rice field areas along
the coastal mainland. Out of the 149 hectares of damaged
pond areas, only 28 hectares (19%) have been success-
fully recovered ten years since the tsunami (Fahmi et al.
2017). The slow recovery rate in the pond fishery sector
is due to substantial damage (erosion) and salinity factors
in some ponds (Syamsidik et al., 2015). The recovery pro-
cess in the agricultural sector, particularly rice fields, con-
trasts with the situation in the pond fishery sector. Out of
the pre-tsunami 189 hectares of rice fields, 80% of these
fields have gradually recovered (Fahmi et al. 2017). These
data indicate that the agricultural sector has experienced
more significant recovery than the pond fishery sector,
suggesting a dominant shift in the local community’s
livelihoods towards post-tsunami farming. The mobiliza-
tion efforts for changing livelihoods after the 2004 Indian
Ocean Tsunami are post-disaster adaptation conditions
(Ismail et al. 2018).

The level of preparedness of coastal communities
within a broader area has been assessed by Syamsidik
et al. (2021). Their study results for 9 districts in Aceh
showed that community preparedness in facing tsunamis
falls under the “good” category. Oktari et al. (2020) also
mapped the level of community preparedness at the city/
district level, specifically in Banda Aceh City. Based on
their findings, the knowledge about coastal disasters and
emergency response plans falls under the “moderate” cat-
egory, while the parameters of early warning systems and
resource mobilization fall under the “low” category.

Method

In general, the research framework, as depicted in Fig. 1,
encompasses both primary data collection and math-
ematical modeling as its data acquisition methods. Pri-
mary data consists of input data for the model and a
description of the study location. Primary data for sim-
ulation purposes are obtained through measurements
and field observations at the study location. Inventory

Page 5 of 18

and investigation are conducted to assess the existing
topography and land use. Contour elevation mapping
is performed to obtain surface elevation data, while
bathymetry data is obtained from secondary sources.
Land use mapping is carried out by capturing aerial pho-
tographs using a drone. On the other hand, a study of
social aspects is necessary for assessing the level of com-
munity preparedness. This data is obtained through the
distribution of questionnaires and direct interviews with
the local community.

Numerical Tsunami modeling

The Cornell Multigrid Coupled Tsunami (COMCOT)
model by Liu et al. (1995, 1998) is used to simulate the
generation, propagation, and inundation of tsunamis in
Ulee Lheue Bay. The latest version of COMCOT pub-
lished can be referenced in Wang (2009). This model
solves the nonlinear long wave equations coupled with
bottom friction using the Finite Difference Method with
an explicit leapfrog scheme. This model has been widely
used in simulating both historical and modern tsunami
events (Li et al. 2015; Sepulveda et al. 2020; Wang and
Liu 2006).

The numerical computation domain includes the tsu-
nami generation initiation location, which is the Aceh-
Andaman fault segment, and the study location in Aceh,
Sumatra Island. To obtain wave propagation details on
land and computational duration, a nested grid configu-
ration is implemented. The computational domain is
categorized into seven layers, as shown in Fig. 4. Bathym-
etry data for Layers 1 and 2 are sourced from Topex and
downloaded through https://topex.ucsd.edu/cgi-bin/get
srtm30.cgi. The National Bathymetry Data (BATNAS),
downloaded through https://tanahair.indonesia.go.id/
demnas/#/batnas, is used for Layers 3 and 4. Layers 5-7
combine BATNAS and topographic data obtained from
field measurements. Further information on the entire
computational domain is summarized in Table 1.

The initial conditions for tsunami generation are simu-
lated using the models by Mansinha and Smylie (1971)
and Okada (1985). The determination of earthquake
magnitude scenarios is based on investigating earthquake
scales and past tsunami-generating sources that have
impacted the study location. Three earthquake magni-
tude scenarios are defined to simulate potential tsunamis
based on their potential and previous tsunami history:
8.2, 9.15, and 9.2 Mw. The 8.2 Mw earthquake scenario
represents a smaller tsunami than the latest event. This
magnitude is based on the last tsunami threat in the
southwest waters of Aceh on April 11, 2012. On the same
day, two major earthquakes occurred, with the first one
measuring 8.6 Mw (330 km southwest of the 2004 event’s
epicenter) and the second one occurring two hours later
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Fig. 4 Seven-layer computational domain

with a magnitude of 8.2 Mw, located approximately location. The second scenario with a 9.15 Mw earth-
180 km south of the first location (Delescluse et al. 2012).  quake represents a reconstruction of the 2004 tsunami
This scenario is referred to by Tursina et al. (2021), pro-  with rupture parameters proposed by Koshimura et al.
jecting tsunami inundation and sea level rise in the (2009). In addition to these two scenarios, the National
Banda Aceh region, which is located east of this study Earthquake Study Center updated the earthquake zoning
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Table 1 Computational domain based on nested grid configuration

Computation domain Layer 1 Layer 2 Layer 3 Layer 4 Layer 5 Layer 6 Layer 7

Latitude (o) 1.00-14.00 4.00-9.00 5.00-6.75 5.35-6.00 5.51-5.60 5.528-5.585 5.534-5.561
Longitude (0) 88.00-102.00 92.00-96.00 94.00-95.75 94.95-9550 95.21-95.30 95.225-95.270 95.227-95.258
Grid numbers 841x781 717 %897 924x1074 888x1047 432x432 654x942 1353% 1176

Grid size (m) 1110 370 123.33 41.11 13.7 457 152

Ratio 1 3 3 3 3 3 3

Time step (s) 1 1 05 0.25 0.25 0.08 0.0625

SWE Linear Linear Linear Linear Linear Linear Non-linear

Data source Topex Topex Batnas Batnas Batnas-field survey  Batnas-field survey  Batnas-field survey

map 2017. Geodetic measurements obtained a slip rate of
4 mm/year (Pusgen 2017). The Aceh-Andaman Segment
rupture 2004 was 1300 km long (Lay et al. 2005). Using
the equations (Hanks and Kanamori 1979) and (Wells
and Coppersmith 1994), the maximum magnitude of this
segment was estimated to be 9.2 Mw. Thus, based on this
assessment, the third scenario is determined as a poten-
tial tsunami with a larger scale (hypothetical model)
affecting the study location. Further details of the tsu-
nami initiation scenarios and their parameters are pre-
sented in Table 2.

Survey of community preparedness level

The knowledge and response of the community play
a crucial role in developing a mitigation system. The
role of the local community is not only considered as
the object of study but also as pioneers in conducting
self-evacuation and preserving the evacuation system
for future generations. In this research, the assessment
of community knowledge is conducted through direct

interviews with several respondents in the field. This
assessment activity is carried out at the initial stage
of the research to determine the study location, apart
from other technical aspects. The number of respond-
ents is determined based on Eq. 1, which applies the
Slovin Formula.

N

"= 1 + Ne? (1)

where n is the number of respondents, N is the popula-
tion size, and e represents the percent of allowable non-
sampling error or desired tolerance. Referring to the data
from the Central Statistics Agency (Badan Pusat Statistik
2020), the population size in the study location, which
includes three villages, is 1390 individuals (Table 3).
With a selected e value of 10%, the number of respond-
ents is calculated to be 93 individuals. To obtain better
results and consider data integrity, 150 respondents were
assessed in this study.

Table 2 Scenarios for selecting earthquake scales and their parameters as initial conditions for the model

Scenario Mw L(km) W (km) TotalL (km) Epicenter (0) D (km) Dis(m) Strike (o) Dip (o) Tipe Fault Reference
lon. lat.
1 82 216.77 5649 216.77 94.162 5670 100 59 329 8 Single Tursina et al. (2021)
2 9.15 200 150 1155 94400  3.030 100 14 323 15 Multi-fault  Koshimura et al. (2009)
125 150 93320 4480 12.6 335 15
180 150 92870 5510 15.1 340 15
145 150 92340  7.140 7 340 15
125 150 91880 8470 7 345 15
380 150 91.900 11.000 7 7 15
3 9.2 200 150 1300 94400 3.030 100 14 323 15 Multi-fault  Hypothetical Model
135 150 93320 4480 126 335 15
205 150 92.870 5510 15.1 340 15
160 150 92.340 7.140 7 340 15
170 150 91.880 8470 126 345 15
430 150 91.900 11.000 15.1 7 15
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Table 3 Population size in the study location

No Village Name Male Female Total
(inhabitants)

1 Lam Guron 81 64 145

2 Lam Badeuk 140 139 279

3 Lambaro Neujid 504 462 966

Total 1390

The data collection method uses probability sampling,
a sampling technique where each member of the popula-
tion has an equal chance of being selected as a sample.
In other words, all individual members of the population
have a non-zero probability. The criteria for respondents
include being residents of the study location, whether
native or migrants (as long as they are not visitors), at
least 17 years old (adolescents), no distinction between
2004 tsunami victims or non-victims, no distinction
based on educational background and occupation, the
respondents consist of both males and females and each
individual does not represent a household (multiple indi-
viduals from one household are allowed as long as the
previous criteria are met). The exclusion criteria are lim-
ited to visitors (tentative residents) and individuals below
17. The assessment material is revolved around under-
standing how coastal communities in the study area per-
ceive, prepare for, and respond to the ever-present threat
of tsunami hazards, with a particular emphasis on assess-
ing their knowledge, emergency preparedness plans,
awareness of early warning systems, and their viewpoints
concerning mitigation strategies.

In this multifaceted inquiry, key questions have been
formulated to delve into diverse facets of coastal com-
munity dynamics. Primarily, the investigation seeks to
uncover the extent of community awareness regarding
tsunami hazards, particularly in relation to the 2004 inci-
dent. This encompasses the recognition of indicators,
understanding of tsunami effects, and comprehension
of unique characteristics or indications. Furthermore,
the sources from which individuals and communities
typically obtain their tsunami-related information are of
interest. Secondly, the examination focuses on exploring
the extent to which local communities have created and
executed emergency response strategies. This includes
the preparation of first aid supplies and kits, participa-
tion in evacuation training, procurement of essential
resources, protection of documents, and retention of
contact information for vital institutions. Thirdly, the
investigation aims to gauge community knowledge of tsu-
nami early warning systems, including sirens and means
of obtaining warnings, as well as their awareness of
government-issued alerts. Finally, the perspective of the
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local community on mitigation concepts, such as reduc-
ing the impact of tsunamis and preserving coastal areas,
is explored. This exploration encompasses a wide range
of aspects, from the complexities and costs involved to
environmental considerations and the appeal to tourists.

Results and discussion

Tsunami potential

Numerical modeling of tsunamis triggered by earth-
quakes involves approximating the initial wave shape
using analytical solutions proposed by Mansinha and
Smylie (1971) and Okada (1985). These solutions repre-
sent the surface water disturbance resulting from fault
displacement at the seafloor for strike-slip and dip-slip
faults, respectively. The length and width of the fractured
area on the fault plane influence the scale of the gener-
ated tsunami. In the case of mega-tsunamis, such as the
2004 event, a multi-fault approach is employed to bet-
ter represent the field conditions by dividing the fault
into fault segments. However, for the 8.2 Mw scenario, a
single fault is considered due to the rupture length being
only 217 km.

Conversely, a six-segment fault approach is adopted
for the other two scenarios with Mw>9 (rupture
length > 1000 km). The initial conditions of the tsunami
formation for the three scenarios are shown in Fig. 5,
positive wave heights are illustrated in light blue, and
negative wave heights are depicted in dark blue. These
wave heights are measured in meters and represent the
variations in wave elevations for the three scenarios con-
sidered in our study. Specifically, in the 8.2 Mw scenario,
the positive wave height is recorded at 2.06 m, and the
negative wave height is registered at — 1.30 m. In the 9.15
Mw scenario, these values are measured at 10.78 m and
—3.53 m, respectively. Finally, in the 9.2 Mw scenario, the
positive wave height is observed to reach 11.29 m, while
the negative wave height is documented at — 3.62 m. All
scenarios also indicate a pre-tsunami receding of the sea
level in the waters off Sumatra. Numerous reports from
witnesses and victims indicate that the arrival of the tsu-
nami was preceded by a sea level retreat during the 2004
Indian Ocean Tsunami (IOT) in Aceh, Thailand, and sur-
rounding areas (Satake 2014; Tsuji 2006).

The inundation impacts of the tsunami on land are
depicted in Fig. 6 for all three scenarios. In the case of an
8.2 magnitude earthquake, flooding occurs in all villages
within the study area. The extent of inundation in Lam-
baro Neujid village reaches 400 m. Despite the smaller
scale of the tsunami event compared to the previous one,
the reach of the waves is influenced by the topographic
conditions. Paddy fields in this village lead to a wider
inundation due to the lower elevation of the fields rela-
tive to the sea level (see Fig. 3). The change in topography
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Fig. 5 Initial conditions for the three simulated scenarios

from flat to steep, represented by the hill behind Lam-
baro and Lamguron villages, results in a shorter inun-
dation distance in these villages compared to Lambaro
Neujid. The widest extent of inundation is observed in
Lamteungoh village due to its proximity to the sea and
relatively gentle topography. Additionally, the influence
of the tsunami inundation from the east (Peukan Bada)
also affects this village.

The tsunami’s impact becomes much more remark-
able for scenarios generated by a 9.15 Mw earthquake
(scenario 2). The inundation length in Lambaro Neujid
reaches 493 m from the shoreline. This distance would
be even greater if there were no hills behind the settle-
ment, as observed in the area behind Lamteungoh vil-
lage, where the inundation reaches a length of 675 m. The
inundation areas also starkly contrast the previous sce-
nario, particularly in the eastern part of Lambaro Neujid.
The tsunami inundation even reaches Embung Lam-
badeuk. The 9.15 magnitude tsunami scenario aims to
represent the tsunami’s strength in 2004 considering the
current land use conditions (19 years after the tsunami).
However, this scenario is not intended to reconstruct the
2004 IOT due to the different topographic and land use
conditions.

In scenario 3, with a magnitude of 9.2 Mw, there is
no significant difference compared to the scenario rep-
resenting the earthquake scale during the previous tsu-
nami, as proposed by Koshimura et al. (2009). However,
the height and extent of inundation are slightly larger
than those for the 9.15 Mw scale. A comparison of the
maximum inundation achieved for the 9.15 Mw and 9.2
Mw scenarios is presented in Fig. 7.

The heights of the tsunamis on the land were observed
at several locations (observation points, op) spread across
7 points within the study area (indicated by black dots in

Fig. 6). Three observation stations in Fig. 6 correspond to
the same reference points as the post-survey conducted
by Lavigne et al. (2009). The post-survey results recorded
inundation depths of 12.3 m, 20 m, and 13.7 m for op-1,
op-2, and op-3, respectively. The modeling results for the
2004 10T, represented by the orange lines in Fig. 7a—c,
indicate differences in the elevation of inundation com-
pared to field data. As previously discussed, scenario
2 (9.15 Mw) cannot fully represent the 2004 Tsunami
reconstruction due to the changed topographic and land
use conditions. Furthermore, bathymetry data, serving as
secondary data, play a significant role in determining tsu-
nami characteristics, especially in shallow waters, includ-
ing the influence of seabed roughness. The delay in the
arrival of tsunami waves to the coast, linked to both wave
elevation and celerity, can be ascribed to the geographical
location of the area and the influence of the local bathym-
etry, which has the capability to either amplify or dimin-
ish the magnitude of the waves as they propagate towards
the shoreline. These conclusions align with previous sci-
entific investigations that underscore the significance of
the local bathymetry in shaping the characteristics of tsu-
namis (Murotani et al. 2015).

Figure 7d—g present the measurements of tsunami
inundation in each village (gampong) within the study
area for all modeling scenarios. These figures also reveal
two primary waves arriving at the shore with a time dif-
ference of 20 min. Lambaro, located furthest to the west,
experiences a tsunami of approximately 3 m for the small
earthquake scenario and around 7-8 m for earthquakes
more significant than 9 Mw. A tsunami with a depth of
4.3 m (8.2 Mw) and 9-10 m (>9 Mw) inundates the west-
ern side of Lambaro Neujid. On the eastern side of the
area, wave heights range from 3 m for the 8.2 Mw gen-
eration to 6.3—8 m for earthquakes more significant than
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Fig. 6 Maximum inundation depth for the three scenario conditions

9 Mw, influenced by the presence of hills that obstruct
waves from the west. In Lamguron, a tsunami inundation
of 3.7 m occurs for scenario 1, while it ranges from 9 to
10 m for scenarios 2 and 3.

Knowledge and community preparedness

This study aims to assess the knowledge and perceptions
of coastal communities to understand and evaluate their
preparedness for tsunami disasters. The study area is
a vulnerable region directly impacted by a tsunami two
decades ago. The experiences of these coastal commu-
nities play a significant role in realizing their prepared-
ness and resilience in mitigating future tsunami events.

15 20 25

The distribution of respondents interviewed can be seen
in the previously mentioned Fig. 2 (marked with orange
dots). The parameters evaluated in this study include the
basic knowledge of the community about tsunami phe-
nomena and their impacts, emergency response plans as
preparedness efforts for disasters, and the adaptation of
early warning systems as a manifestation of mitigation
efforts.

The assessment results based on the parameter of basic
knowledge about tsunami phenomena are presented in
Fig. 8. The local community has a good understanding
that earthquakes generate tsunamis. However, only 42%
are aware that underwater landslides can also trigger
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Fig. 7 The height of tsunami fluctuations at observation points op-1 to op-7

tsunamis. The rarity of tsunamis caused by landslides
has resulted in a need for more information for the com-
munity. Based on records from 1666 to 1999, tsunamis
in Indonesia were primarily triggered by earthquakes
(90%), followed by volcanic eruptions accounting for 8%,
and only 1% were caused by landslides (Latief et al. 2000).
The recent tsunamis that struck the coastal areas of the
Sunda Strait less than four years ago did not receive
much attention from the local population. However,
the experience of experiencing a disaster serves as valu-
able knowledge for the community. After an earthquake,
most of the community understands that the receding of
sea waters is a sign of an impending tsunami (88%). The
2004 Indian Ocean Tsunami experience has become the
basis of knowledge for the community that the receding
of sea waters always precedes a tsunami phenomenon.
However, it should be noted that not all tsunami events
(whether triggered by earthquakes or non-earthquake
factors) are preceded by sea water receding, as was the
case in the 2010 Mentawai Tsunami. Other tsunami
arrival indicators, such as the roaring sound from the sea

before the tsunami inundates the land, are also known
by the community (85%) and changes in animal behavior
(52%).

The community is well aware that the impacts of tsu-
namis result in loss of life, damage to settlements and
other infrastructure, and loss of livelihoods. The sever-
ity of past tsunami events remains ingrained in the com-
munity’s memories, especially for respondents who were
direct victims of the 2004 Indian Ocean Tsunami, expe-
riencing the loss of family members or material posses-
sions. 75.33% or 113 out of 150 respondents interviewed
for this study were victims of the 2004 Indian Ocean
Tsunami. However, knowledge of shoreline retreat due
to tsunami-induced erosion is only understood by a por-
tion of the community (64.67%). The recovery process
of the Ulee Lheue Bay shoreline has been relatively suc-
cessful after 19 years. However, there are still areas, such
as abandoned fishponds, where the shoreline recovery
has yet to be fully achieved. The younger generation of
respondents needs to be fully aware of the changes in the
shoreline that occurred after the tsunami. Monitoring
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The consequences of the coming tsunami
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Fig. 8 Assessment results regarding general knowledge of tsunami disasters

shoreline recovery stages in the study area can be referred
to in Syamsidik et al. (2015).

The community possesses a reasonably good under-
standing of tsunami characteristics, with an approximate
75-89% range. They agree that tsunamis are long waves,
waves can arrive more than once, wave height is much
greater when it reaches the shore compared to when it
is in the sea, wave velocity is faster at sea than when it
reaches the land, and the force carried by a tsunami is
highly destructive and dangerous.

The community’s primary source of tsunami informa-
tion is primarily obtained through interactions among
family members, relatives, friends, and neighbors,
accounting for 72%. This factor is influenced by the local
culture of gathering and discussing in coffee shops and

other public places. Information media such as television
and radio also increase community knowledge (42.67%).
Socialization efforts carried out by non-governmental
organizations or community-based organizations also
impact local community knowledge. Additionally, infor-
mation is received by the community through govern-
ment socialization, print media, and interactions with
the internet and social media. In recent years, social
media has experienced rapid development and is favored
by the public as a means of information dissemination.
Approximately 31% of the community accesses disaster-
related information through social media, influenced
by the generational differences among the respondents.
Social media has the potential for widespread dissemina-
tion of disaster conditions, whether providing real-time
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information during a disaster or conveying lessons
learned from past disasters (Simon et al. 2015). However,
it should be noted that there is also the potential for mis-
information. It was also observed in the field that meet-
ings or seminars involving the community have a positive
role in enhancing knowledge, such as knowledge dissem-
ination forums conducted by several tsunami researchers
in the field.

The form of emergency response plans as commu-
nity preparedness efforts for future tsunami threats is
shown in Fig. 9. Almost 95% of the populace has suc-
cessfully established designated assembly areas and
routes for evacuation in case of calamities. The study
area incorporates evacuation indicators, depicted by
white arrows in Fig. 2, which delineate the path to shel-
ters. All the shelters are strategically positioned in the
vicinity of the hill situated behind the villages. The local
residents have a comprehensive understanding of the
evacuation signage that has been well-established and
acknowledged within the study area. The study area has
well-recognized and understood evacuation signs for
the local residents. Other preparedness efforts include
around 43.33% and 41.33% of the community partici-
pating in training or evacuation drills (tsunami drills)
and formulating evacuation plans and shelter loca-
tions. The community also prepares necessary supplies
for emergencies, such as clothing, cash, important tel-
ephone numbers, and essential documents (24-30%).
However, only a small portion of the community (less
than 15%) implements household-level emergency pro-
tocols, such as preparing first aid kits or emergency

%
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60.00 40.00 20.00 0.00

1133 ]

4333 | |
w0 ]

1800 [ |
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)
)
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Fig. 9 The assessment results regarding the emergency response plan
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medications, identifying safe spots within their homes,
and practicing evacuation plans with their families.
The low awareness of building a culture of prepared-
ness at the household level is of particular concern. The
short evacuation time during a disaster highlights that
the success of mitigation efforts depends on the com-
munity’s swift response in self-evacuation. Therefore,
self-rescue success depends on planning with various
scenarios (such as the timing of the disaster, family
members present at home during the event, and oth-
ers) and practicing evacuation drills together with fam-
ily members. There is an initiative to create Standard
Operating Procedures (SOPs) at the household level
related to emergency preparedness. These SOPs allo-
cate specific tasks or roles to each family member dur-
ing a disaster event, aiming to enhance preparedness
and response.

The significance of this implementation can be
observed in the case of the 2012 double earthquake
event. On that day, earthquakes with magnitudes of 8.6
Mw and 8.2 Mw occurred, triggering evacuation orders
for coastal areas. Nevertheless, timely siren activation
was prevented by an electrical outage and the absence of
an available power backup system (Syamsidik et al. 2021).
Additionally, the lack of trained personnel to operate the
siren towers further complicated the situation, resulting
in delays in evacuation. Despite these challenges, it is
noteworthy that a spontaneous evacuation process initi-
ated by the people played a significant positive role. This
spontaneous response represented a marked improve-
ment compared to the 2004 Indian Ocean Tsunami,

O Prepare a first aid kit and special medicines for first aid

O Participate in tsunami evacuation training (drill)

O Prepare clothes, cash, and special needs/family emergencies

O Prepare important and valuable documents (eg land certificates etc.)
O Prepare ready-to-eat food that lasts as long as necessary

O Develop an evacuation plan and place of refuge

O Practicing evacuation plan drills with family

Oldentify safe points in the house

Oldentify gathering points

O ldentifying evacuation routes (determination of the chosen route)

O Prepare important addresses/phone numbers (hospital, police station,

BPBD, PMI, etc.)
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highlighting the importance of community-level prepar-
edness and the need for further improvement in emer-
gency protocols.

Figure 10 displays the local community’s knowledge
of early warning systems. This parameter represents the
community’s awareness of the existing early warning sys-
tem. Following the 2004 tsunami, sirens were installed
in the Aceh region as part of the tsunami early warning
system and the alerts issued by the Meteorology, Clima-
tology, and Geophysics Agency (BMKG) government
agency. Most of the community is familiar with the tsu-
nami sirens (93.33%) and knows they are sounded on the
26th of each month and can be heard in people’s homes
(86.67%). These data indicate that while some individuals
are unaware of the existence of tsunami sirens (16.67%),
there are also those who are aware of the sirens but not
of their monthly periodic sounding (6.66%). Knowledge
about early warnings is predominantly obtained from
community leaders and intercommunity stories (76%),
compared to religious institutions (9.33%), community
organizations’ outreach (8.67%), and print media (4%).
The community is also aware of the tsunami alerts issued
by the BMKG after an earthquake (78.67%). This infor-
mation is primarily acquired by the community through
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Outreach from
community
organizations; 8.67

Houses of worship
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influential figures and cross-community stories (71.33%),
as well as through local government district/village out-
reach (57.33%) and community organizations’ outreach
(28%).

The relationship between community preparedness

and tsunami potential

The inventory of knowledge and community response
towards tsunamis indicates the level of community
preparedness. The level of preparedness is excellent
concerning knowledge about tsunamis. Most of the
community had firsthand experience with the tsunami
19 years ago, while others were indirectly affected. The
knowledge gained through these experiences has become
a strong memory that can be implemented as an asset in
facing future disasters. Additional knowledge regarding
tsunami characteristics must be shared with the commu-
nity to enhance their resilience. Knowledge has been dis-
seminated among the community through socialization
efforts, stakeholder involvement, and community lead-
ers. However, encouraging direct participation in disaster
preparedness activities would positively impact disaster
mitigation (Witvorapong et al. 2015).

OAre you aware of an early warning system
(tsunami siren)?

O Do you know that every 26th the tsunami

siren sounds?
86.67

OIf yes, point (2), was the sound of the siren

heard when you were at home?
86.67

O Sources of tsunami early warning
information?

O Do you know if the government (through
BMKG) issues a tsunami early warning after

78.67 an earthquake occurs?

OIf so, where did you get this information?

*BMKG = Meteorology, Climatology,

80 60 40 20 0 and Geophysics Agency

%

Fig. 10 The assessment results regarding the community’s response to early warnings
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The concept of a systematic emergency response plan
plays a crucial role in responding to actions that need
to be taken during a limited timeframe when a disaster
occurs. According to the tsunami simulation scenario
corresponding to each village, the projected duration for
the waves to arrive at the coastline amounts to a total of
20 min. In the event of a minor earthquake, the antici-
pated height of the waves may descend to roughly 3 m
in the westernmost region, whereas a more substantial
earthquake could result in a wave height of approximately
7-8 m. Consequently, given the limited timeframe avail-
able for self-preservation, it is imperative for the com-
munity to accurately ascertain the most suitable routes
for evacuation as well as identify appropriate locations
for vertical evacuation. The application of emergency
response protocols at the household level needs to be
higher. Implementing protocols within households is
essential for self-evacuation. It begins with determining
the response each family member needs to take when an
earthquake occurs and extends to assigning tasks among
family members during self-evacuation. Scenarios can be
incorporated into household-scale emergency response
plans, such as considering the presence of family mem-
bers outside the house when a disaster strikes, determin-
ing meeting points, and other relevant factors.

Early warning parameters indicate the level of com-
munity preparedness in making evacuation decisions.
The existence of tsunami sirens serves as a device that
emphasizes the limited time available for evacuation dur-
ing damage or human error (Oktari et al. 2014). Local
wisdom within the community is critical to saving lives
during tsunamis. The Simeulue community exemplified
this during the 2004 event, where the continuous nar-
ration of Smong across generations has built disaster
awareness and serves as a form of early warning knowl-
edge (Rahman et al. 2018).

It is important for local authorities to inform residents
about the tsunami arrival time and how to recognize the
potential ground shaking that could lead to a tsunami.
The emphasis placed by local authorities on evacuation
preparation time can be reduced by preparing grab-and-
go kits well before an earthquake strikes (Chen et al.
2022).

The study area in the Peukan Bada District remains
highly vulnerable to tsunamis along the Ulee Lheue
Bay coast. Previous simulation results showed that
the inundation distance in the Lampageu area extends
up to 1 km inland. For small-scale earthquakes com-
pared to the 2004 event, the tsunami height in this area
ranges from 3 to 4 m, with the run-up reaching 500 m
towards residential areas. Therefore, in addition to
strengthening community preparedness, implement-
ing an integrated mitigation system that considers the
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environment in the area is crucial. A mitigation system
provides additional time for the community to conduct
self-evacuation.

A connection between the community and the theo-
retical and practical implications based on the find-
ings could be suggested for each stakeholder. For the
community, the research holds the potential to inform
and guide various actions, including raising awareness
about tsunami risks, organizing regular evacuation
drills, and promoting community-driven disaster pre-
paredness efforts. In the governmental and regulatory
context, the implications encompass recommendations
for measures such as implementing regulations to man-
age coastal development, formulating comprehensive
coastal zone management plans, and strategically con-
structing tsunami shelters in vulnerable areas.

Furthermore, the development of mitigation concepts
in the Ulee Lheue Bay coastal area should consider the
social aspects of the community and the environmen-
tal conditions. The mitigation concept should also be
integrated with the existing mitigation system, such
as evacuation routes. The damaged aquaculture ponds
along the coastline resulting from previous tsunamis
can be utilized as buffer zones. These buffer zones can
be established by planting coastal vegetation along
the shoreline, with Casuarina equisetifolia (coastal
casuarina) being a recommended vegetation species
compared to mangroves due to the limited success of
mangrove species in this location (Syamsidik et al.,
2015). Similar coastal characteristics found in loca-
tions such as Lembah Geuruete (Benazir et al., 2017)
and Pacitan Bay (Muhari et al. 2012) are also present
in the study area. However, to allow coastal vegetation
to grow and provide protection against wave impacts,
the damaged aquaculture ponds from 2004 need to be
reclaimed. These practical suggestions facilitate the
translation of theoretical insights into real-world appli-
cations, ultimately strengthening tsunami prepared-
ness and mitigation efforts within the community and
enhancing overall resilience.

Nevertheless, this study has limitations associated
with its close association with local geographic condi-
tions, requiring adjustments in geographical settings
when applied to other areas. Additionally, from a mod-
eling perspective, limitations exist regarding bathymetric
data, which are mainly secondary, and the number of sce-
narios conducted, as only the two most recent tsunamis
(2012 and 2004) and one worst-case scenario with poten-
tial were modeled. Furthermore, the modeled tsunami
sources were based solely on tectonic earthquake mecha-
nisms, while the waters north of Sumatra also have the
potential for tsunamis generated by submarine landslides
(Haridhi et al. 2022).
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Conclusion

This investigation examining the simulation of a tsunami
has yielded valuable insights into the potential impact
of earthquakes of varying magnitudes on the formation
of tsunamis and the resulting flooding of coastal areas.
The modeling approach employed in this study took into
consideration critical factors such as fault displacement,
rupture length, and the topographical characteristics of
the region under investigation. Importantly, the findings
of this study demonstrate that even a relatively mod-
est earthquake with a magnitude of 8.2 Mw can lead to
significant flooding in the affected villages, highlighting
the crucial role played by local topography in determin-
ing the extent of inundation. As earthquake magnitudes
exceed 9 Mw, the impact of the resulting tsunami esca-
lates significantly, resulting in higher wave heights and
more extensive areas being flooded. This research also
highlights notable differences in the scale and depth of
flooding depending on the magnitude of the earthquake
and the unique topographic features of each village.
Notably, the scenario with an earthquake magnitude of
8.2 Mw resulted in flooding across all villages in the study
area, with Lamteungoh experiencing the most extensive
inundation due to its proximity to the sea and relatively
gentle topography. These findings underscore the need
to consider dynamic changes in topography and land use
over time when conducting assessments of tsunami risk.
Furthermore, the study emphasizes the complexity of
tsunami modeling and the requirement for comprehen-
sive data, particularly in relation to the influence of local
bathymetry on tsunami characteristics and the observ-
able delay in the arrival of waves. This study has made a
significant contribution to our understanding of the haz-
ards posed by tsunamis and has emphasized the impor-
tance of effective disaster preparedness and measures to
mitigate the impact of tsunamis in regions that are vul-
nerable to such events.

Moreover, this study provides insight into the critical
factors that influence the preparedness of communities
and the potential for reducing the impact of tsunamis.
The findings illustrate the significant roles played by
community knowledge and direct experiences of tsu-
namis in shaping the preparedness levels of communi-
ties. Ongoing efforts to disseminate knowledge through
socialization programs and the active involvement of
stakeholders have contributed to the development of
increased community awareness. However, the study
highlights the need to further enhance preparedness by
actively encouraging direct participation in disaster pre-
paredness activities.

Furthermore, this study highlights the importance
of establishing a systematic emergency response
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plan at the household level to enable effective and
timely actions during a tsunami event. Clearly defin-
ing roles and responsibilities for each family member
and incorporating various scenarios into the emer-
gency response plan are considered essential steps to
improve preparedness.

In addition, early warning systems, including tsu-
nami sirens, are identified as crucial tools for alerting
communities and providing limited time for evacua-
tion. The integration of local wisdom, which includes
traditional knowledge passed down through genera-
tions, along with modern early warning systems, has
been shown to enhance community preparedness and
response capabilities.

Nevertheless, it is important to acknowledge the limi-
tations of this study. The findings are inherently asso-
ciated with the specific geographical conditions of the
study area, and adjustments would be necessary when
extrapolating them to different regions. Furthermore,
enhancing the comprehensiveness of bathymetric data
and expanding the range of modeling scenarios, such
as incorporating submarine landslides, would undoubt-
edly strengthen the findings of this study.

In conclusion, this study serves as a valuable asset
for advancing the preparedness of communities and
mitigating the adverse effects of tsunamis. It highlights
the importance of disseminating knowledge, actively
involving communities, implementing early warn-
ing systems, and combining traditional wisdom with
modern approaches. By implementing comprehensive
mitigation systems and utilizing appropriate coastal
vegetation, vulnerable coastal regions can strengthen
their ability to withstand the imminent threat of tsu-
namis. Future research efforts should prioritize adapt-
ing these findings to various geographical contexts and
expanding the range of modeling scenarios to further
enhance preparedness and mitigation endeavors.
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