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Abstract

The Aceh coast (western Indonesia) is prone to regular tsunamis, as evidenced by histori-
cal records and paleo-tsunami studies. Effective community preparedness and response
plans are essential in this context. Critical to these efforts is understanding the Estimated
Times of Arrival (ETAs) of tsunamis, which dictate the vital window for post-earthquake
actions and the likelihood of survival during an approaching tsunami. Our study aimed to
assess the time available for communities in Aceh and nearby islands (Weh, Nasi, Breuh,
Simeulue, Banyak) to respond and evacuate following an earthquake. We investigated ETA
influenced by faults like Aceh-Andaman, Nias-Simeulue, and Batu segments, considering
earthquake scenarios: 9.15 Mw (2004 tsunami reconstruction), 9.2 Mw, 8.9 Mw, and 8.6
Mw for Nias-Simeulue and Batu segments. Using the nonlinear shallow water equation
(NSWE) model and numerical discretization with the finite difference method, we simu-
lated tsunamis and projected arrival times. Our findings highlighted critical ETA ranges:
8-25 min on northern coasts, 19—-37 min on western shores, 17-27 min on southwestern
coasts, and 11-67 min on southern coasts. These results are essential for enhancing early
warning systems and optimizing evacuation plans, and bolstering coastal community pre-
paredness and resilience to tsunamis. Further studies are needed to conduct a comprehen-
sive investigation of ETA, which includes potential rupture scenarios and a wider obser-
vation area, including expanding the modeling of tsunami generation mechanisms, which
includes tsunamis generated by underwater landslides due to earthquakes or volcanic activ-
ity. Assessing ETA is pivotal for tsunami preparedness, contributing to more effective early
warning systems and evacuation strategies. Integrating our ETA findings into policies will
significantly enhance the preparedness and resilience of coastal communities in the face of
ongoing tsunami risks. This study represents a valuable contribution to disaster risk reduc-
tion, offering actionable insights for safeguarding vulnerable coastal regions.

Keywords Coastal hydrodynamics - Tsunami model - Run-up - Evacuation time - Tsunami
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1 Introduction

The oceanic seismic activity surrounding Sumatra (Indonesia) is characterized by a high
degree of activity, leading to earthquakes that have the potential to cause tsunamis, as noted
in several studies (Haridhi et al. 2018; Lange et al. 2018; Weller et al. 2012). The region
has experienced numerous tectonic earthquakes that have caused tsunamis, as is exten-
sively documented (Meltzner et al. 2006; Natawidjaja et al. 2006; Newcomb & McCann
1987). The impact of these disasters on the social and economic aspects of northern Suma-
tra, particularly Aceh, has been significant.

In the past two decades, the 2004 Indian Ocean tsunami has served as a benchmark for
the world, with which to study the characteristics of tsunamis due to the massive destruc-
tion caused by the 2004 event. This was followed by a tsunami that hit the coast of Simeu-
lue and Nias Islands on March 28, 2005, and the threat of a tsunami reoccurred in the
region on April 11, 2012, when an earthquake with magnitudes of 8.6 and 8.2 Mw struck.
The historical occurrences of tsunamis in Aceh have been proven by paleo-tsunami and
archeological studies conducted by Monecke et al. (2008), Rubin et al. (2017), and Daly
etal. (2019).

Regions that are at high risk of tsunamis require an efficient early warning system
(EWS) to mitigate potential damage. In practice, evacuation responses from communities
tend to be influenced by informal warning systems disseminated by government entities or
other pertinent stakeholders. Natural indicators such as the receding tide at the beach often
prompt individuals to evacuate (Muhari et al. 2012). For example, during the Palu-Dong-
gala tsunami on September 28, 2018, several CCTV recordings circulated on social media
documented the chronology of events at that time. The community immediately evacuated
from buildings soon after the earthquake, but they did not immediately evacuate for the
tsunami. People only responded to the evacuation when they saw other residents running
away from the beach or when they directly witnessed the tsunami arriving on the mainland.
This case highlights the gap regarding the community’s response to early warning systems.

The provision of information on the arrival time of tsunamis is a crucial aspect for
coastal communities to prepare adequately. This aspect is particularly crucial for near-field
tsunamis, where flooding could occur swiftly, allowing for limited response time and plan-
ning of evacuation routes, destinations, and accommodations. To provide this information,
ETA approaches are employed. ETA is essentially a computed prediction of the first wave
of a tsunami’s arrival after the earthquake that triggered it. Accurately predicting the ETA
is crucial to ensure the safe and prompt evacuation of individuals at risk. The ETA ulti-
mately determines the available evacuation time, which is a critical factor in determining
the number of individuals that can be evacuated. Additionally, the correlation between the
ETA and the number of evacuees has significant implications for various elements of evac-
uation planning, such as the identification of appropriate shelter locations, the design of
evacuation routes, the dimensions of evacuation pathways, and the management of evacua-
tion traffic flow.

This study delves deeper into the ETA of tsunamis caused by the Aceh-Anda-
man, Nias-Simeulue, and Batu segments. Its main objective is to chart out the criti-
cal response time that communities residing in the coastal areas of Aceh and strategic
areas on outer islands of Sumatra, like Weh Island, Nasi Island, Breuh Island, Simeu-
lue Island, and the Banyak Islands, have at their disposal to respond to, and to evacu-
ate, after an earthquake. Fourteen ETA observation locations are discussed, categorized
based on the regions of Aceh: Northern coast, Western coast, Southwestern coast, and
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Southern coast. Additionally, the study also maps out the run-up and inundation dis-
tances for various simulated scenarios. While the relationship between the ETA and
early warning system development is not explicitly discussed, the findings offer valuable
insights into community preparedness. By linking the ETA findings with past evacu-
ation experiences and assessments, significant factors for decision-making about self-
evacuation can be identified. Thus, these findings hold significant practical implications
for strengthening community resilience, even if they do not directly inform early warn-
ing systems.

2 Literature review
2.1 Tsunami risk

The Sumatra tectonic configuration plays a direct role in the seismic activity that trig-
gered past tsunamis. The fault zoning in the oceanic area surrounding Sumatra com-
mences from the Aceh-Andaman segment, which ruptured on December 26, 2004. Lay
et al. (2005) predicted that the rupture along this segment was 1300 km long during the
massive earthquake.

According to PusGen (2017), geodetic data show a slip rate of 4 mm/year, and the
maximum magnitude can reach 9.2 Mw based on estimates. The fault line segmenta-
tion in Indonesia, as outlined in PusGen (2017), is shown in Fig. 1, which also depicts
the epicenters of earthquakes that have caused tsunamis in Indonesia in the last two
decades.
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2.2 The role of early warning systems

According to Basher et al. (2006) and UN/ISDR (2006), the effectiveness of an EWS relies
on four fundamental elements: (1) understanding the potential risks; (2) technical moni-
toring and warning services; (3) effective dissemination and communication of warning
knowledge to those individuals who may be at risk; and (4) public awareness and prepared-
ness to respond to warnings. In addition to these four elements, for greater effectiveness,
EWS must also consider cross-sectoral issues, including effective governance and insti-
tutions, multi-hazard approaches, local community involvement, gender perspectives, and
cultural diversity (UN/ISDR 2006).

Oktari et al. (2014) assessed the effectiveness of the early warning system implemented
in Aceh following the 2004 Indian Ocean tsunami. Their results demonstrated incremen-
tal advancements in the tsunami warning system but also revealed a lack of systematic
policy and institutional commitment. The warning system, which comprised sirens, under-
went testing during the April 11, 2012 earthquake. Regrettably, technical malfunctions
and public misperceptions during the evacuation triggered panic amidst the evacuation
process (Tim Kaji Cepat 2011). Additionally, a deficiency in grasping institutional roles
and responsibilities, as well as a lack of coordination among response agencies, were rec-
ognized as inadequacies in developing the tsunami warning system in Aceh (Sufri et al.
2020).

2.3 The importance of estimated time of arrival (ETA)

Numerous studies have highlighted the factors that contribute to the level of fatalities in
tsunami events. These factors are crucial in the development of evacuation research (Mas
et al. 2012; Péroche et al. 2014; Wang et al. 2016) and encompass the following: the char-
acteristics of the tsunami (arrival time and depth of flooding); the characteristics of the
area affected (slope and elevation); mitigation efforts (evacuation zones and routes, disaster
risk management); as well as personal characteristics (awareness of tsunami, knowledge of
evacuation zones and routes, physical and mental abilities).

Several studies have aimed to model the ETA for various locations that are prone to
tsunamis. The primary objective of those studies is to enhance the success rate of self-
rescue efforts by accurately modeling ETA from past tsunami scenarios. Along with this,
ETA information is also vital for investigating tsunami source mechanisms. Inverse theory,
introduced by Satake and Kanamori (1991), is an example of studying earthquake sources
based on tsunami waveform recorded by tide gauge stations. The need for arrival time vari-
ables from eyewitnesses in the field has also been emphasized by Shuto and Matsutomi
(1995).

In addition, Titov et al. (2008) implemented a seismic event database to predict tsunami
parameters, while Greenslade et al. (2011) applied a model to forecast tsunamis from a
seismic scenario database. Jiménez (2010) presented an algorithm to quickly calculate the
arrival time of the first tsunami, based on the linear path followed by the tsunami according
to actual bathymetry, and this study was expanded by Jiménez et al. (2018). Those authors
calculated the arrival time of the first tsunami and maximum tsunami height at actual tide
gauge measurement points, both in the field and virtually. Syamsidik et al. (2015) con-
ducted several modeling scenarios to determine ETA for various cities located on the
west coast of Aceh. The tsunami initiation scenarios were determined based on several
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past tsunami events starting from the 2004, 2005, 2007, 2010, and 2012 Sumatran coast
tsunamis.

The outcomes derived from ETA modeling can serve as a robust framework for making
policies to strengthen community preparedness, especially for individuals in regions sus-
ceptible to tsunamis. ETA data can give these communities invaluable insights, promoting
quick and well-informed responses when tsunami early warnings are issued. This equips
individuals with the knowledge needed to make timely decisions that can save lives and
mitigate damage in the event of a tsunami (Chen et al. 2022). As a result, current policies
must be adapted to include public awareness initiatives, specifically focused on educating
the populace about effective responses based on the critical ETA information.

ETA modeling could also determine areas that demand immediate evacuation, making
it an indispensable tool for shaping policies about establishing and maintaining evacuation
infrastructure. Identifying these high-priority evacuation zones could ensure that resources
are allocated where needed most, thereby enhancing the efficiency and effectiveness of
evacuation procedures (Ito et al. 2021). Additionally, ETA mapping could discern regions
that require early warnings more urgently than others. For instance, coastal areas near the
tsunami’s source may necessitate faster alerts than far-away coastal areas. This stratifica-
tion enables the early warning system to dispatch alerts with appropriate levels of urgency,
ensuring that communities at the most significant risk receive timely notifications that align
with the imminent threat (Carvajal et al. 2018). This nuanced approach to alert dissemina-
tion could be instrumental in reducing the potential impact of tsunamis, and subsequently,
guiding the development of policies that cater to the specific needs of different geographi-
cal zones.

3 Material and method

The occurrence of the colossal tsunami that struck Aceh in 2004 was triggered by a tec-
tonic earthquake measuring 9.15 Mw (Chlieh et al. 2007; Meltzner et al. 2006). The epi-
center was situated at 3.3° N, 95.8° E and had an epicenter depth of about 30 km. The
earthquake caused a fault slip that was estimated at 12-15 m (Lay et al. 2005; Synolakis
et al. 2005). The rupture segment of the 2004 tsunami was in the Aceh-Andaman zone.
Consequently, the December 26, 2004 event was examined as a single scenario to reflect on
the ETA on land at that time. The study concentrated on the coastal areas and outer islands
of Aceh, which were chosen as the ETA assessment location due to the impact of previous
tsunamis that affected these areas, including the Indian Ocean tsunami on December 26,
2004, the Nias-Simeulue tsunami on March 28, 2005, the Aceh tsunami on April 11, 2012
(small tsunami), and several other tsunamis that hit Aceh in the past (1907, 1861, 1797).
The simulation of tsunami initiation at source locations was conducted using the
Mansinha and Smylie (1971) and Okada (1985) models in four modeling scenarios.
These scenarios included the reconstruction of the 2004 Indian Ocean tsunami based
on Koshimura et al. (2009) with a magnitude of 9.15 Mw, as well as three hypothetical
scenarios based on updated fault segmentation with maximum magnitudes by PusGen
(2017). The 9.15 Mw scenario was outlined to be representative of a historical event that
had a profound impact on Aceh, specifically in 2004. Furthermore, three scenarios were
designed to simulate potential tsunamis with different ruptures around Aceh’s coasts, based
on the assessment provided by PusGen (2017), as depicted in Fig. 1. The largest poten-
tial scenario was a 9.2-Mw earthquake scale occurring in the Aceh-Andaman segment,
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with modifications in the large rupture dimension and adjusted fault angle, as referred to
in Koshimura et al. (2009). Moreover, two scenarios in the Aceh-Andaman segment were
simulated using multi-faults due to their segment lengths exceeding 1000 km. The Nias-
Simeulue and Batu segments were simulated with a rupture scale of 8.9 Mw and 8.2 Mw,
respectively. The moment magnitude scale in these modeling scenarios was calculated
using the formula approach in the works of Hanks and Kanamori (1979) and Wells and
Coppersmith (1994). A summary of earthquake parameters and complete scenarios are
presented in Table 1.

In this investigation, we conducted an ETA mapping of the north-to-south Aceh coast in
order to examine the characteristics of run-up. The study area is depicted in Fig. 2 and out-
lined in Table 2. We collected ETA observations on the primary island of Sumatra, which
included Banda Aceh, Lhoknga, Weh Island in Sabang City, Nasi Island in Lamteng, and
Breuh Island in Meulingge for the northern region. In a similar fashion, we performed ETA
mapping on the western part of the south coast in Calang, Meulaboh, Nagan Raya, Susoh,
Labuhan Haji, Tapaktuan, and Singkil. Moreover, we also observed the run-up character-
istics in Simeulue Island, especially in Sinabang, as well as in the Banyak Islands, spe-
cifically on Tuangku Island. These 14 observation locations were specifically chosen to
represent major urban areas densely populated along the north-to-south coastline of Aceh.

The investigation employed the Cornell Multi-grid Coupled Tsunami (COMCOT)
model, which was initially created by Liu et al. (1998) to replicate the complete sequence
of the tsunami, encompassing its generation, propagation, and run-up on the coastline. The
model employs the finite difference method with an explicit staggered leap-frog scheme to
solve the shallow water equation (SWE). The governing equations of the model are differ-
entiated for both linear and nonlinear SWE. Specifically, the nonlinear SWE for Cartesian
coordinates is articulated in accordance with the work of Wang (2009).
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The present study utilized the widely used SWE model, known for its accuracy in simu-
lating long wave phenomena, particularly tsunamis. The COMCOT model was employed
to simulate the initiation, propagation, and run-up of the tsunami on the coast. The SWE
model was solved using the finite difference method with an explicit staggered leap-frog
scheme. The SWE model utilizes various parameters such as water surface elevation, vol-
ume flux in the x and y directions denoted by (P, Q), respectively, and the total water depth
represented by s, where the last term represents the roughness evaluated by the Manning
coefficient (n). The model uses a uniform Manning roughness coefficient of 0.025.

The utilization of the SWE model in tsunami simulation has been extensively estab-
lished through previous research endeavors. For instance, Muhari et al. (2012) employed
this long wave model, which is based on the work of Imamura (1996), that analyzed the
arrival time of the 2011 East Japan tsunami. Similarly, Syamsidik et al. (2015) adopted
the COMCOT model to simulate numerous earthquake tsunami scenarios and to project
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Fig.2 Study location

the arrival time of the tsunami on the Aceh coast. Furthermore, Park and Cox (2016)
conducted a study on the probabilistic evaluation of near-field tsunami hazards, which
encompassed the arrival time of the tsunami in Seaside, Oregon (USA), using the Com-
MIT/MOST model from the work of Titov et al. (2011).

The computational domain was partitioned into four layers to achieve detailed com-
putations, with the first layer encompassing the entire area from the source location to
the coastline, and smaller insertion grids utilized to enhance resolution. Layer 4 was
also subdivided into four regions, including the northern, western, southwestern, and
southern parts of Aceh (as illustrated in Fig. 3). This approach facilitated a nuanced
analysis of research findings, which are meticulously presented in Table 3, and led
to more precise modeling of run-up and inundation on the coast. The data of the first
domain were sourced from https://topex.ucsd.edu/cgi-bin/get_srtm30.cgi, and the data
of the second domain were interpolated from the data of the first domain. For the third
and fourth domains, data from https://tanahair.indonesia.go.id/demnas/#/batnas were
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Table 2 Locations of ETA observation points

No  Obs. points Long.(°) Lat.(°) Location Region

1 OP-01 95.3132 5.5834  Banda Aceh (Lampulo Village) Northern Aceh coast
2 OP-02 95.2319 5.4816  Lhoknga

3 OP-03 95.3160 5.8996  Sabang City (Weh Island)

4 OP-04 95.1590 5.6427  Lamteng (Nasi Island)

5 OP-05 95.0425 5.7342  Meulingge (Breuh Island)

6 OP-06 95.5715 4.6335  Calang Western Aceh coast
7 OP-07 96.1240 4.1348  Meulaboh

8 OP-08 96.1986 4.0969  Nagan Raya (PLTU)

9 OP-09 96.8174 3.7170  Susoh (Blang Pidie) Southwestern Aceh coast
10  OP-10 96.9943 3.5498  Labuhan Haji

11 OP-11 97.1704 3.2544  Tapaktuan

12 OP-12 97.7980 22649  Singkil Southern Aceh coast
13 OP-13 96.3122 2.4053 Sinabang (Simeulue Island)

14  OP-14 97.1116 22174  Tuangku Island (Banyak Islands)
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Fig. 3 Computational domain by applied nested grid configuration

utilized. Higher-resolution simulations of tsunami run-up and inundation in coastal
areas were produced using nonlinear SWE calculations.

ETA observations were conducted at 14 distinct sites and yielded 56 data readings
across four tsunami generation scenarios. The average depth recorded was below — 1 m.
The methodology deployed to ascertain ETA was adapted from the work of Hayashi
et al. (2011) which entailed categorizing arrival time into four wave phases, namely,
the tsunami arrival phase, initial trough, local crest, and primary crest, as depicted in
Fig. 4. The four wave phases represent the initial structure of a tsunami as it approaches
the shore. During the Indian Ocean tsunami event, the wave arrival in Aceh’s waters

@ Springer



Natural Hazards (2024) 120:4875-4900

4884

seujeq seujeq seujeq seujeq seujeq xado], xado], 90IN0S BB
JIeaurjuou TeQUITUON] JeQUI[UON JIeQUI[UON TeQUITUON Teaur| Teaur| adK) gMS
§To Sa] §To §To 0] I I (s) dos ouury,
€ € € € € € I onel pLo
Iy 11y iy iy £e'eCl 0LE OrTI (w) 9z1s LD
6¥9 X 1¥9¢ ELOXGETT SETTXL6CI TO8X0EL  SITTXTOLT  SYOIXI¥¥I 19T X 18 Jaquint pLIs
£€8'L6-0C°96 0¥'L6—0L'96 0€96-05°S6 0¥'S6=S6'¥6  S8°L6-0LY6 00660016  00COI-00'88 (o) opmiSuo]
0s'¢0I'c 08°¢-0C’¢ 0L v—00'% S6'S—0¥'S 009-06'1 09°'L=08'T  00'¥I-00°L— (o) opmye]
ooy UId)Som
Oy WIOYINOS (I 19ART -YINOS Dy 10AB] Yooy UIASIM g 19AeT Yooy WISYLION Vi 1oke] ¢ 1oke] 7 Toke| [ 19Ae7  urewop uoneindwo))

uoneIn3yuod pLI3 pajsou pue urewop [euoneindwiod Jo UOISIAI] € d|qel

pringer

Qs



Natural Hazards (2024) 120:4875-4900 4885

E 6.0
- primary crest

~ tsunami arrival

2.0
local crest

initial trough

0 20 40 60 80 100 120
(min)

Fig.4 Description of the time phases of tsunami arrival according to Hayashi et al. (2011)

commenced with the initial trough. However, not all tsunamis consistently initiate
with this negative wave phase, because initiation depends on the rupture process. For
instance, the 2010 Mentawai tsunami began with positive wave phases, such as the tsu-
nami arrival and local crest, without the presence of an initial trough.

4 Results and discussion
4.1 Assessment of tsunami arrival time

The genesis of tsunamis as a source of production is predicated on the models devel-
oped by Mansinha & Smylie (1971) and Okada (1985). The computation of water sur-
face deformation is subsequently evaluated in COMCOT using Eqs. (1) to (3). The
Aceh-Andaman fault segment scenario is considered as the past event with a magni-
tude of 9.15 Mw, which yielded satisfactory results in tsunami modeling. The model
verification was confirmed in Koshimura et al. (2009). The accuracy of the outcomes is
affected by using multi-fault segmentation, rather than a single-fault approach, particu-
larly for large-scale earthquakes (> 8 Mw). Based on the earthquake parameters listed in
Table 3, Fig. 5 presents the tsunami initiation for four scenarios. At the time of the fault
dislocation, the 9.15 Mw and 9.2 Mw scenarios generated negative waves of —3.53 m
and —4.15 m, respectively, and positive waves of 10.78 m and 11.55 m, respectively.
The Sumatra side also exhibited a prior decline in sea level for both scenarios, like
the 2004 event. Borrero et al. (2006) reported that roughly 1.5 h after the earthquake,
observers were astounded as they watched the ocean dramatically receding by over
500 m from its usual shoreline in Idi, around the east coast of Aceh. The waves split,
with some heading east as a near-field tsunami for outer islands and Sumatra itself. The
waves heading west were a far-field tsunami for Sri Lanka and the west coast of Africa.
In contrast, the Nias-Simeulue fault created positive waves for outer islands such as
Simeulue, Banyak Islands, and Nias Island. This condition was similar to the March 28,
2005 event (8.6 Mw), where the tsunami reached the coast after the earthquake stopped
and immediately receded afterward in Lagundri Bay, Nias (Borrero et al. 2011). The 8.9
Mw scenario produced a maximum positive wave initiation of 2.92 m and a maximum
negative wave initiation of —2.05 m. On the other hand, for the Batu segment scenario
with a magnitude of 8.2 Mw, a smaller tsunami formation occurred, with maximum
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Fig.5 Tsunami source characteristics for the four scenarios

positive and negative waves of 3.06 m and — 1.86 m, respectively. The ETA outcomes
for the 14 examined locations are discussed based on regional division.

4.1.1 Characteristics of tsunami arrival time and inundation at the Northern Aceh
coast

In this study, we investigated the characteristics of ETA in the densely populated northern

zone of Aceh. The investigation was carried out at five different locations, namely, Banda
Aceh, Lhoknga, Sabang, Lamteng, and Meulingge. The zone under investigation is situated
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Fig.6 Snapshot of the 9.2 Mw scenario showing tsunami wave transmission

near the Aceh-Andaman segment, which was subjected to the most severe impact during
the 2004 Indian Ocean tsunami. Our analysis revealed that among the various scenarios
which were considered, the rupture scenario of the Aceh-Andaman segment with a magni-
tude of 9.2 Mw resulted in the shortest arrival time and the largest run-up. The ETA of this
scenario was marginally faster than the ETA of the 2004 Indian Ocean tsunami scenario
and showed dissimilar outcomes for run-up and inundation on land. A visual representation
of wave propagation from the source area to the run-up on land for the most severe impact
scenario in this northern zone is presented in Fig. 6.

In Fig. 7, we present the outcomes of our observations and ETA, and maximum run-up
range compilation for the four earthquake situations in this region. The variation observed
in the tsunami’s arrival time at different places underscores the intricate nature of tsu-
nami propagation and the impact of various factors. The distance between the impacted
area and the earthquake epicenter, which functions as the tsunami generation source, is
one of the critical factors affecting the arrival time. This discovery is consistent with prior
research that has highlighted the significance of distance in tsunami arrival (Catalan et al.
2015). Our modeling analysis outcomes for the most massive earthquake scenario in the
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Fig.7 Characteristics of tsunami arrival phases for Northern Aceh coast (tsunami arrival, initial trough,
local crest, primary crest: minute)

Aceh-Andaman segment provide valuable insights into the specific arrival times at various
locations. Sabang and Lamteng, which are situated closer to the subduction zone, experi-
ence an earlier arrival of the tsunami, with an average ETA of 3—4 min. This observa-
tion indicates that proximity to the source region can significantly influence the speed of
tsunami propagation. On the other hand, Banda Aceh and Lhoknga, located farther away,
experience delayed arrivals of 17 and 25 min, respectively. In the case of Indian Ocean
tsunami, eyewitness accounts and stopped clocks indicated that the tsunami reached the
Lhoknga coast approximately in the range of 13 to 21 min (Lavigne et al. 2009). The esti-
mated arrival time for the outer islands of Sumatra is approximately 10 min. This delay can
be attributed to their geographical location and the impact of local bathymetry, which can
amplify or attenuate the tsunami waves as they propagate toward the coast. Previous stud-
ies have reported similar findings that highlight the role of local bathymetry in shaping the
characteristics of tsunamis (Satake 1988; Murotani et al. 2015).

When comparing the reconstruction scenarios of the 2004 tsunami to the scenario of
the largest earthquake, it is observed that there is no significant difference in the arrival
time for a magnitude 9.2 earthquake. However, for the outer islands of Sumatra, the
largest scenario demonstrates a slightly shorter time difference. This suggests that the
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magnitude of the earthquake alone may not be the sole determinant of the arrival time.
Instead, other factors such as local bathymetry and coastal topography should be con-
sidered for a comprehensive assessment. The third scenario, which involves the Nias-
Simeulue fault segment, shows arrival times ranging from 60 to 66 min, with the fast-
est arrival observed at Meulingge after approximately 52 min following the earthquake.
Discrepancies in arrival times within the same fault segment could be due to variations
in fault geometry, rupture characteristics, and the influence of local bathymetry along
the coastline. It is noteworthy that in our study, the Batu segment does not generate a
tsunami for the northern coastal area of Aceh. This finding is consistent with previous
research indicating that not all fault segments may produce significant tsunamis, and
the specific characteristics of each segment need to be considered when assessing the
tsunami hazard. Furthermore, wave properties, including wave height and wavelength,
in segmented seafloor deformations are influenced not only by the overall width of the
source but also by the number of segments and their relative sizes. A higher number of
segments would result in shorter wave lengths and reduced wave heights on the surface,
as per the results in the study by Shen et al. (2022).

Upon the initial arrival of a tsunami, the local peak wave phase is not immediately
observed but rather followed by a negative wave or the early development of a trough
phase. This phenomenon has been confirmed by Tursina et al. (2021) in their study in the
same location, yielding similar results. In the case of the 2004 tsunami in Banda Aceh
and Lhoknga, the fault mechanism within the subduction zone led to a receding sea level,
with the sea retreating by up to 1 km, as demonstrated by Lavigne et al. (2013). Notably,
although the subduction area and its rupture process play a significant role in generating
local tsunamis in the western waters of Sumatra, not all large-scale near-field tsunamis are
characterized by a receding sea level, as exemplified by the 2011 Japan tsunami (Muhari
et al. 2012). Ren et al. (2019) have shown through their study on the effects of the rupture
process tsunami source along the Manila Trench, which shares a similar rupture length
with the 2004 Sumatra earthquake, that the kinematic source rupture process can lead
to significant differences in wave patterns, amplitudes, and arrival times, influencing the
amplitude and causing considerable delays in tsunami arrival times. Therefore, it is impor-
tant to consider the specific conditions of each event when assessing the arrival and behav-
ior of tsunamis.

The outcomes of the simulation also demonstrate that the existence of Nasi Island
and Breuh Island in the northwest of Banda Aceh did not cause a significant delay in the
arrival of the tsunami. The tsunami was recorded to commence at the 17th minute, and
the primary waves arrived at their apex phase about 34-38 min after the earthquake. This
occurrence can be attributed to the extensive rupture segment, which spans approximately
1300 km, and even reaches the Nicobar and Andaman Islands. The length and features of
this fault rupture segment play a critical role in determining the propagation of tsunamis
and their arrival time. According to witnesses, in the 2004 event, it took approximately
25 min for the tsunami water to reach the area near the Grand Mosque after the earthquake
(Borrero et al. 2006). This suggests that the initial impact of the tsunami was relatively
rapid, as the water traveled from the ocean to the center of Banda Aceh in around 25 min.

The outcomes of the run-up simulation display considerable variations depending on the
site of the investigation and the seismic scenarios under consideration. In Banda Aceh, the
tsunami height resulting from a seismic incident like the 2004 catastrophe varies between
10 and 12 m. Prior investigative reports on the 2004 event revealed an estimated tsu-
nami height of 12 m along the coast of Banda Aceh, including Ulee Lheue (Borrero et al.
2006; Tsuji et al. 2006). Regarding the extent of flooding in Banda Aceh, houses located
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approximately 2 km from the shoreline were swept away, while those situated beyond 3 km
were less affected, and the flooding persisted for roughly 5 to 6 km inland (Tsuji et al.
2006). The first author, who personally witnessed the tsunami, observed the extent of the
flooding during the evacuation and noted that the floodwaters reached 4 km along T. Hasan
Dek Street, particularly before the Simpang Surabaya bridge, Banda Aceh.

In the Lhoknga region, the magnitude of the tsunami was notably greater, falling within
the range of 20 to 30 m. The highest recorded tsunami run-up of 34.5 m was documented
in this area by Tsuji et al. (2006) during their post-survey activities. The northern islands
of Banda Aceh also experienced significant tsunami heights, with Breuh Island struck by a
tsunami of 30 m and Nasi Island witnessing heights ranging from 10 to 12 m. According to
Borrero et al. (2006), post-survey data further indicated that the tsunami height on Breuh
Island reached between 13 and 20 m in the Lampuyang area, while Nasi Island recorded a
height of 10 m. However, Sabang city was only affected by a tsunami with a height of 5 to
6 m, unlike Pulau Weh.

For the 9.2 Mw scenario, the recorded tsunami height on land was higher on average.
Nonetheless, this value could have been even more significant if the modeling had utilized
a finer data resolution. Conversely, the other two scenarios did not yield substantial tsu-
nami heights for the northern region of Aceh.

4.1.2 Characteristics of tsunami arrival time and inundation at western Aceh coast

The ETA measurements were carried out in Calang, Meulaboh, and Nagan Raya, which are
representative of the developing region on the west coast of Aceh, as illustrated in Fig. 8.
The tsunami arrived in Calang earlier and was triggered by the tsunami arrival phase at 19
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Fig.8 Characteristics of tsunami arrival phases for Western Aceh coast (tsunami arrival, initial trough,
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and 25 min for the Aceh-Andaman segment scenarios with magnitudes of 9.2 Mw and 9.15
Mw, respectively. The local crest phase followed at 36 and 43 min, and the primary crest
at 47 min. In Meulaboh, waves were detected at 21 and 29 min for both Aceh-Andaman
scenarios, with the initial wave phase starting with the tsunami arrival. The measurement
point in Nagan Raya, located about 7 km south of Meulaboh, recorded the tsunami arrival
at 37-38 min, followed by the local crest phase for this area. In the Nias-Simeulue seg-
ment rupture scenario, the tsunami reached Meulaboh 37 min earlier, Calang at 40 min,
and Nagan Raya at 62 min. However, no tsunami was detected on the mainland of this west
coast area for the Batu segment scenario.

The modeling results presented in Fig. 8 also provide valuable insights into the run-up
patterns and tsunami heights for different earthquake scenarios along the coastal areas of
Meulaboh, Nagan Raya, and Calang. The simulations reveal that the tsunami heights along
the coastlines of Meulaboh and Nagan Raya reached remarkable values of 10 m, while
they attained 8 m in Calang for earthquake magnitudes of 9.15 and 9.2 Mw. However, the
run-up height was relatively lower, around 2 m, for the earthquake magnitude of 8.9 Mw
along the coastal zone, and no significant run-up was observed for the 8.2 Mw earthquake
scenario. These results highlight the strong correlation between earthquake magnitude and
tsunami heights, emphasizing the importance of considering various seismic scenarios in
coastal risk assessments. Comparison of these findings with historical data indicates that
the catastrophic 2004 Indian Ocean tsunami caused significant damage to Meulaboh and its
environs, with recorded tsunami heights of 12-14 m in Calang, confirmed by broken tree
branches in the hilly areas near the city (Tsuji et al. 2006).

4.1.3 Characteristics of Tsunami arrival time and inundation at Southwestern Aceh
coast

The southwestern Aceh coastal region is represented by three measurement locations,
namely, Susoh, Labuan Haji, and Tapaktuan. Tapaktuan experienced the tsunami earlier
than the other two locations, at 7 min for the 9.2 Mw earthquake scenario. Similarly, for
the 8.6 Mw and 9.15 Mw scenarios, the arrival time of the tsunami was recorded at the
same location at 10 and 14 min, respectively. In the Aceh-Nias segment scenario, Susoh
and Labuan Haji recorded the arrival time of the tsunami at 27 and 43 min, respectively.
As such, it can be inferred that Tapaktuan has the shortest wave arrival time in the south-
western Aceh region for both the Aceh-Andaman and Nias-Simeulue segment ruptures.
Furthermore, in the Batu segment rupture scenario, Tapaktuan witnessed the arrival of the
tsunami after 72 min, with no signs of its arrival at the other two locations.

The results of the model reveal significant discrepancies in the maximum heights of
tsunamis along the southwestern coast of Aceh, contingent upon the specific earthquake
scenarios considered. The Aceh-Andaman fault segment scenario generated maximum tsu-
nami heights ranging from 5 to 7 m on the coastal terrain. The relatively lower levels of
inundation observed in this area can be attributed to the greater distance of the source of
generation in comparison to the coastal regions located in the west and north. For instance,
in Tapaktuan, the tsunami heights only exceeded about 1-2 m on the coastal land. In con-
trast, Fig. 9 clearly demonstrates that the Nias-Simeulue segment scenario resulted in even
higher tsunami heights (ranging from 5 to 6 m) for this coastal area. Notably, the Batu fault
segment scenario exhibited only minor fluctuations and small ripples in Tapaktuan.
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Fig.9 Characteristics of tsunami arrival phases for the Southwestern Aceh coast (tsunami arrival, initial
trough, local crest, primary crest: minute)

4.1.4 Characteristics of Tsunami arrival time and inundation at southern Aceh coast

Sinabang, Banyak Islands, and Singkil are designated as the locations for ETA assess-
ment in the Southern Aceh coast region. In the instance of the Nias-Simeulue segment
rupture scenario, the tsunami reached Sinabang on Simeulue Island before any other loca-
tion, arriving 11 min after the onset of the rupture. The initial phase of the tsunami arrival
was followed by the local crest and primary crest phases at 14 and 24 min, respectively.
Additionally, the Banyak Islands and Singkil experienced an earlier arrival of the tsunami
in comparison to the other three scenarios. In this zone, the Batu segment rupture sce-
nario recorded the tsunami arrival at all three assessment locations, occurring at 58, 59,
and 99 min for Sinabang, Banyak Islands, and Singkil, respectively.

The results obtained from the modeling outcomes of the southern coastal region of
Aceh have indicated that the tsunami heights are relatively greater in comparison to the
scenarios associated with the Nias-Simeulue fault segment. Through the simulations, it
has been established that the tsunami heights can escalate up to 7 m in Sinabang, Simeu-
lue Island, and up to 5 m in the Banyak Islands (refer to Fig. 10). On the other hand, the
Aceh-Andaman fault segment resulted in lower run-up heights and inundation distances.
For instance, in Singkil, the recorded tsunami height was approximately 0.6 m in the sce-
nario involving the Batu fault segment. These findings emphasize the variation in tsunami
impacts along the Aceh coast, and highlight the importance of incorporating specific fault
segments in the modeling process.
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Fig. 10 Characteristics of tsunami arrival phases for Southern Aceh coast (tsunami arrival, initial trough,
local crest, primary crest: minute)

4.2 Estimated time of arrival (ETA) evaluation for tsunami preparedness

Determination of the optimal estimated time of arrival (ETA) of a tsunami stands as a piv-
otal factor in formulating robust mitigation strategies, particularly hinged upon the nuances
of wave phases and the varied mechanisms instigating tsunami generation. Examining the
scenario within the Aceh-Andaman fault segment, the observation of an early arrival of
the initial trough phase in Banda Aceh, with an ETA of 34 min, is noteworthy. However,
it is crucial to note the observed oscillations in tsunami arrival phases, occurring as early
as 17 min post-event. This variability in arrival times prompts consideration of alterna-
tive definitions of ETA, such as when the wave height reaches 0.5 m above mean sea level
(MSL) near the coast (BMKG 2012). Notably, Syamsidik et al. (2015) employed this cri-
terion, establishing a 35-min ETA for Banda Aceh, based on the 2004 tsunami reconstruc-
tion modeling scenario, and employing a reading point set at a depth of 10 m. Moreover,
the Aceh Disaster Management Agency, Badan Penanggulangan Bencana Aceh (2019),
outlined an ETA range of 10 to 20 min for an Aceh-based tsunami, specifically linked to
potential scenarios associated with the 9.2 Mw Aceh-Andaman segment. This multifaceted
understanding of ETA proves pivotal for disaster management teams, affording them the
necessary insights to mount swift and effective responses, ultimately minimizing the poten-
tial for human casualties and mitigating property damage in the wake of a tsunami event.
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Given the circumstances, the phase of tsunami arrival is of utmost importance, particu-
larly for communities located on the coast during an earthquake. The timely identifica-
tion and precise forecast of the arrival time of a tsunami are imperative to ensure effec-
tive evacuation and preparedness measures that can safeguard coastal populations from
the catastrophic effects of tsunamis. Consequently, we have determined the critical time of
arrival of the tsunami that poses a significant threat (termed as ETA ) for the Aceh coast
region. The critical ETA determination is based on observing the wave phase forms arriv-
ing at coastal land from four simulated rupture scenarios. We selected the earliest arrival
time by comparing the wave phase characteristics, specifically focusing on positive wave
phases, encompassing either tsunami arrival or immediate local crests. This determination
also considers the initial trough phase, a component of ETA, during which the tsunami
experiences an initial recession (negative wave) followed by the subsequent local crest. The
critical time obtained has been systematically arranged in Table 4, considering the strategi-
cally placed measuring locations employed in the simulation.

Table 4 provides an overview of the ETA at several locations along the coast of Aceh.
The analysis results show that the areas in the Northern Aceh coast, Lamteng, with the
shortest ETA (8 min), show significant challenges in early warning and evacuation. On
the Western Aceh coast, Calang has the shortest ETA (19 min). Calang is one of the areas
on the west coast of Aceh Province that experienced the worst damage from the tsunami
and earthquake disaster in 2004. Meanwhile, the Southwestern Aceh coast showed varia-
tions, with Tapaktuan having the shortest ETA (17 min). The Southern Aceh coast region,
especially Sinabang, with an ETA of 11 min, indicates the need for a high level of vigi-
lance. This analysis provides valuable insights for designing more effective tsunami mit-
igation strategies, considering highly variable arrival times of tsunami waves across the
Aceh region. Factors such as distance from potential tsunami sources, topography, and geo-
graphic structure are key in designing optimal early warning systems and efficient evacua-
tion planning.

The reception of tsunami information on the mainland in a timely manner is of great
importance to reduce the loss of life and property. This study presented a method of read-
ing ETA by installing tsunami sensors in shallow waters, like harbors, to monitor fluctua-
tions in wave height. To receive information on tsunami occurrence more quickly, sensors
could be installed in open seas or on outermost islands facing the mainland. Furthermore,

Table 4 Recapitulation of critical tsunami arrival times along Aceh coast

Location/ETA, (min) Northern Aceh coast
Banda Aceh Lhoknga Sabang Lamteng Meulingge
17 25 13 8 10
Western Aceh coast
Calang Meulaboh Nagan Raya
19 21 37
Southwestern Aceh coast
Susoh Lab. Haji Tapaktuan
27 27 17
Southern Aceh coast
Singkil Sinabang Banyak Is
67 11 23
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placing sensors on fishing vessels could enable the immediate transmission of information
to land when fishermen are at sea during a tsunami (Nurendyastuti et al. 2022). A num-
ber of developments have been made in early tsunami detection, including high-frequency
radar detection based on tsunami speed, as demonstrated during the 2011 Tohoku tsunami
(Lipa et al. 2019). Additionally, real-time tsunami forecasting based on earthquake param-
eters has been developed, as illustrated for the 2012 Aceh tsunami by Wang et al. (2012).

The ETA evaluation is a critical component in reinforcing regional efforts to lessen
the risks of natural hazard-caused disasters. In highly populated urban areas like Banda
Aceh and Meulaboh, there exists a narrow window of approximately 17-21 min following
an earthquake, known as the “golden time,” when decisions regarding evacuation can be
made. The effectiveness of such measures is highly dependent on the populace’s under-
standing of disaster management or prior experiences. The success of self-rescue efforts is
determined by factors such as the time available for evacuation, the distance to the desig-
nated evacuation zone, and the transportation methods used (Chen et al. 2022). Appropri-
ate use of this crucial time necessitates psychological preparedness to gather information
and make decisions regarding evacuation, as well as logistical preparations like packing
essential items, such as valuables and documents, for transportation during evacuation
(Kubisch et al. 2020). These actions should be consistent with the ETA applicable to each
susceptible region facing the risk of tsunami arrival. The optimal utilization of the critical
period entails an individual’s psychological preparedness to acquire current status infor-
mation, followed by the process of decision-making concerning evacuation, as posited by
Lindell et al. (2018), National Research Council (2011), and Wood et al. (2018). This is
augmented by logistical arrangements and packing, including the collection of vital docu-
ments to be carried during the evacuation process, as stated by Lindell et al. (2005). These
actions necessitate modification in accordance with the ETA available for each region sus-
ceptible to tsunamis.

ETA evaluation would make a significant contribution to the development of better tsu-
nami mitigation policies. The results of the ETA evaluation provide potent insights into
how communities should respond effectively to the tsunami threat. Therefore, it is essential
to ensure that existing policies integrate public awareness campaigns regarding effective
responses based on ETA mapping results. By strengthening community understanding of
ETA, the policy could improve the preparedness and protection of coastal communities.

ETA modeling also allows the identification of areas that require evacuation more
quickly, which can be used to develop policies regarding the construction and maintenance
of evacuation infrastructure. By knowing regions requiring special attention in evacuation,
the government can allocate resources more efficiently and ensure that evacuation infra-
structure is well maintained. This can contribute to community safety and reduce potential
losses due to tsunamis.

ETA mapping results can also help determine areas that require early warning more
quickly than others. For example, coastal regions near a tsunami source may require warn-
ings more rapidly than areas further away. This more granular approach allows early warn-
ing systems to send alerts with appropriate priority levels so that communities most at risk
are notified promptly regarding impending threats. This more nuanced approach can help
mitigate the potential impacts of tsunamis, and as a result, guide the development of poli-
cies that address the specific needs of different geographic zones.

The present study offers valuable research regarding the determination of critical arrival
times of tsunamis along the Aceh coast area. Howeyver, it is crucial to acknowledge sev-
eral limitations. First, the accuracy of the model-based travel times could be affected by
uncertainties in the earthquake source parameters and bathymetry data utilized in the
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simulations. Second, the study focuses solely on potential fault ruptures triggered by earth-
quakes, neglecting other significant tsunami sources, such as landslides or marine volcano
explosions. The simplifications in the simulation model, the limited spatial resolution, and
the assumptions about wave propagation characteristics could impact the precision and gen-
eralizability of the findings. The availability and quality of data, in conjunction with the
omission of external factors such as climate change, could also affect the robustness of the
results. Furthermore, a potential avenue for further development in this research lies in con-
ducting a more detailed investigation focused on inland areas concerning the tsunami inun-
dation duration for evacuation purposes. Understanding the relationship between the char-
acteristics of a tsunami’s inland propagation and the various land use patterns is crucial in
determining the flow velocity. Exploring the coastal community’s psychological dimensions
in decision-making processes regarding evacuation is also essential. This qualitative study
would inherently vary depending on the coastal community’s level of disaster awareness
and knowledge. Hence, classifying communities based on their disaster experience, whether
they have encountered disasters, are newcomers, or reside in areas with intense disaster edu-
cation and outreach, could provide valuable insights for future research endeavors.

5 Conclusion

The momentous instance of the arrival of the tsunami on the northern shorelines was
ascertained to be approximately between 8 to 25 min, while on the western shores, it was
observed to be about 19 to 37 min; similarly, on the southwestern coasts, it was identified
to be around 17 to 27 min, and on the southern coastlines, it was found to be within a range
of 11 to 67 min. These estimates have been determined through the evaluation of the ETA
characteristics during the tsunami arrival phase and the local trough, in the context of pre-
defined scenarios. The evaluation of ETA in regions prone to tsunamis is a crucial aspect of
initiatives aimed at reducing disaster risk, since it directly affects the availability of evacu-
ation time. However, the effectiveness of evacuations also depends heavily on the ability of
communities to adapt their behavior in accordance with the ETA allocations provided.

In the context of tsunami preparedness, ETA evaluation plays a crucial role. It offers
valuable insights into how communities could respond more effectively to tsunami threats.
Additionally, ETA modeling helps identify areas requiring swifter evacuation, and ETA
mapping results assist in pinpointing regions needing early warnings. Integrating ETA
evaluation findings into tsunami mitigation policies could enhance community prepared-
ness, optimize resource allocation, and ensure timely early warnings, all with the ultimate
goal of minimizing the adverse impacts of tsunamis and safeguarding coastal communities’
lives and property.

Additional comprehensive investigations of ETA are necessary, encompassing potential
rupture scenarios and wider observation regions. This can be complemented by the exten-
sion of the modeling of tsunami generation mechanisms, which incorporates tsunamis pro-
duced by submarine landslides resulting from earthquakes (like the 2018 Palu-Donggala
tsunami) or volcanic activities (like the 2018 Anak Krakatau tsunami). The understanding
of the complexities of tsunami generation and propagation is critical for enhancing disaster
preparedness and reducing risks in exposed coastal areas. As research advances, the prior-
itization of enhancing community awareness and readiness for possible tsunami events is
also imperative to increase the efficacy of evacuation tactics, and minimize the impacts of
these natural hazard-caused disasters.
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