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Banda Aceh Earthquake and Tsunami; and Palu Bay (Sulawesi, Indonesia) affected by the Palu-Central
Palu Sulawesi Earthquake and consequent triple disaster. Data for this research was gathered from
Thailand

recovery missions led by the UK Earthquake Engineering Field Investigation Team (EEFIT),
working in collaboration with local partners (Tsunami and Disaster Mitigation Research Centre,
Tadulako University, Mahidol University and the Asian Institute of Technology). Additional
material was provided by the International Research Institute of Disaster Science (IRIDeS) at
Tohoku University. This paper evaluates recovery in terms of spatial planning, the development
of design codes, evacuation planning, and the reconstruction development of coastal and port
structures. A companion paper considers post-disaster recovery of buildings and other structures
in Indonesia. Key findings include a variety of responses to planning enforcement in exclusion
zones, a reliance on US tsunami codes for building code development rather than the compre-
hensive Japanese codes, diverse behavioural responses to the use of vertical evacuation struc-
tures, and some similarities in the use of multi-layered protection from tsunamis, inspired by
Japanese approaches. The investigation provides insights into recovery and reconstruction efforts
for: (i) the affected regions where agencies can compare and contrast their approaches with
others, (ii) agencies and communities in similarly-affected locations in other parts of the world,
and (iii) those at risk of future tsunami inundation.

Japan

1. Introduction

Recovery from catastrophic natural hazards can be affected by many factors, including the extent of damage, geographical location,
and socio-economic conditions. Studies that compare recovery from major natural hazards across different countries and cultures are
relatively few and far between. Suppasri et al. [1] compared and contrasted disaster preparedness across Indonesia, Sri Lanka,
Thailand, and the Maldives ten years after the devastating Indian Ocean tsunami of 2004, reporting on the vulnerabilities of the lo-
cations. The key similarities between locations were the well-established disaster preparedness education, generally completed
reconstruction (except in the Maldives, where building material procurement had been a problem), and severe traffic jams affecting
tsunami evacuations (particularly in tourism-dominated areas). The critical differences in preparedness were the different readiness
levels of tsunami warning systems. More recently, Maly et al. [2] compared housing recovery in Thailand, India, and Japan following
different disaster events that occurred over the period 1995 to 2014. They highlighted the long-term benefits of Civil Society Orga-
nisations (e.g., community-based organisations) complementing government-driven housing recovery programmes in India and
Thailand. They also recognised the importance of policies and good governance being integrated locally.

The study reported herein investigates the influence of destructive tsunami events on three different countries, seeking to compare
and contrast the spatial and temporal effects on coastal reconstruction responses over a period of up to 20 years. It focuses on four
locations that have been affected by tsunamis that occurred in the early 21st Century: (i) Banda Aceh (Indonesia) and (ii) Southern
Thailand, both affected by the 2004 Indian Ocean Tsunami (IOT), the 20th anniversary of which provided the motivation for the initial
field investigation; (iii) the Tohoku region of Japan affected by the 2011 Great East Japan Earthquake and Tsunami (GEJE); and (iv)
Palu Bay (Indonesia) affected by the 2018 Palu-Central Sulawesi Earthquake and ensuing triple disaster (severe ground shaking,
tsunami and liquefaction-induced mudflows).

The primary sources of material for Indonesia and Thailand were acquired through recovery missions in late 2022, led by the UK
Earthquake Engineering Field Investigation Team (EEFIT), working in collaboration with local partners, including the Tsunami and
Disaster Mitigation Research Centre (TDMRC), Tadulako University, Mahidol University and the Asian Institute of Technology. The
Japanese material was provided in collaboration with the International Research Institute of Disaster Science (IRIDeS) at Tohoku
University, and using some material acquired in Japan during April 2023 by the first author. Further material came from subsequent
site visits in December 2024 and recently published literature.

The paper first summarises the immediate effects of the tsunamis on the locations and then considers the implications on longer-
term redevelopment in terms of design code developments, coastal evacuation planning, and coastal defence design. A companion
paper will describe the reconstruction of buildings in the two Indonesian locations [3]. It is possible to make spatial comparisons
between the locations but also, to some extent, temporal comparisons within Indonesia, which has suffered from multiple disasters
during recent times. The key themes from the comparisons between locations are then presented, with some discussion. It is hoped this
will prove helpful for those living in locations at risk from tsunami inundation.

2. Initial impacts of the early 21st century tsunamis
2.1. Indian Ocean Tsunami, 2004

On December 26, 2004 at 00:58:53 GMT (07:58:53 a.m. local time), an enormous earthquake occurred off the west coast of
northern Sumatra, Indonesia, which crossed the Indian Ocean, causing damage and life loss in 11 countries. The earthquake, initially
reported by the United States Geological Survey to have had a moment magnitude (Mw) of 9.0, has now been attributed a Mw of 9.3 (i.
e., 2.5 times greater energy release, [4]). The Boxing Day 2004 earthquake was the second biggest earthquake ever recorded, surpassed
only by the Mw 9.6, 1960 Chile earthquake. The associated ground shaking caused damage to buildings in northern Sumatra,
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Indonesia, and was felt in many countries that were subsequently devastated by the tsunami waves [5]. In Indonesia, confirmed loss of
life reached around 130,000 people, with around 37,000 more people registered as missing. The cost of the direct damages were
estimated by Munich Re at around 4.8 billion USS$, including insured losses. Only light shaking was experienced in Thailand on the
Phuket and Khao Lak coast. However, the subsequent tsunami, which arrived about 1.5 h later than at Banda Aceh in Sumatra [5], led
to the death of over 5,000 people, with nearly 3,000 missing. About half of the victims in Thailand were Western tourists. The eco-
nomic loss in Thailand was estimated at 235 million US$ [5]. Sri Lanka and India were also severely affected (35,322 and 16,269 killed
or missing, respectively, [6]) but are not considered in this study.

2.2. Great east Japan earthquake and tsunami, 2011

The most powerful recorded earthquake in Japan’s history and the fourth most powerful earthquake recorded since modern
seismography began in 1900, measuring Mw 9.1, struck at 14:46 local time on Friday, March 11, 2011. It occurred where the Pacific
Plate is subducting under the Eurasia Plate beneath northern Honshu Island in the Tohoku region. This seismic event triggered a
colossal tsunami, leading to widespread devastation along Japan’s entire northeastern coastline [7], most notably in the Miyagi, Iwate,
and Fukushima prefectures. The tsunami also caused failures at the Fukushima Daiichi Nuclear Power Plant that led to a meltdown of
three of its reactors, the discharge of radioactive water and the evacuation of hundreds of thousands of residents. Although there was
less damage caused by ground shaking, a series of tsunami early warnings underestimated the tsunami heights. Updated tsunami
warnings were delayed or did not reach coastal residents in time because of power outages in many areas. Tsunami waves in excess of
10 m height overtopped all previously existing tsunami defence structures (i.e. breakwaters, seawalls, and floodgates), causing
immense destruction along the coast of the Tohoku region. The official figures released in 2021 reported 19,759 deaths and 2,553
people missing [8], and more than 400,000 buildings damaged or destroyed [9]. On the fourth anniversary, in 2015, a report indicated
228,863 people were still living away from their homes. The maximum recorded tsunami runup was about 40 m, the highest in
Japanese history [10]. The nuclear accident caused more than 100,000 people to evacuate [11], and in addition there was possible
water contamination that had a significant impact on the agricultural, fishery and tourism industries in Japan. The economic impact of
the event, including the nuclear disaster, was estimated at over 211 billion US$ [12].

2.3. Palu-Central Sulawesi triple disaster, 2018

On September 28, 2018 at 17:02 local time, an earthquake of Mw 7.5 [13] hit Indonesia, with an epicentre located 78 km north of
the city of Palu on Sulawesi Island. The consequent ground shaking caused significant damage to buildings and infrastructure and
triggered extensive flow liquefaction in areas of Palu (Petobo, Balaroa and Sigi Valley). The earthquake was followed by a tsunami that
also caused devastation to the Palu Bay coastline, in particular to Palu City and Donggala town. This earthquake occurred on the
Palu-Koro left-lateral strike-slip fault, the most prominent active fault on Sulawesi Island, with a total length of around 450 km.
Strike-slip faults do not normally trigger large tsunamis. However, submarine landslides were very likely to have been one of the causal
mechanisms of the tsunami [14]. There were 3,673 confirmed fatalities (including 1,016 unidentified bodies), with an additional 667
people registered as missing and 92,306 people injured, out of which 4,471 had serious injuries requiring treatment in hospital [15].
Additionally, 223,751 people were temporarily displaced from their homes [16], with 74,044 displaced in 120 sites by October 13,
2018 (WHO, Situation Analysis: Earthquake & Tsunami Sulawesi, Indonesia). The direct damage costs were estimated at 1.22 billion
US$ (Indonesia Rupiah 18.48 trillion) by the National Disaster Management Agency (BNPB) on October 28, 2018.

2.4. Tsunami frequency of occurrence period

To assist in comparing recovery across different temporal and spatial scales, we consider the frequency of occurrence of tsunamis in
these vulnerable countries. Across the Indonesian archipelago, during the past 100 years, there have been 37 tsunamis of at least 2 m
maximum wave height associated with earthquakes, volcanoes, and landslides [17]. Twenty-three of these were in the Indian Ocean,
though only the IOT of 2004 affected Thailand [17]. Central Sulawesi (in and around Palu Bay) has been affected by five tsunamis
during this period [18]. In Japan, there were 23 tsunamis greater than 2 m in the same period [17].

2.5. Reconstruction sustainability

Recovery and reconstruction are complex processes shaped by socio-economic conditions, governance, and geographic contexts.
Each country’s approach reflects priorities, resources, and constraints, resulting in varying outcomes. Sustainability is a critical
component of this process, as the immediate need for rapid reconstruction has to be balanced with considerations for long-term
environmental, social, and economic resilience [19]. Key factors include the availability and management of natural resources,
adoption of sustainable building practices, and integration of disaster risk reduction strategies into development plan. Local versus
global material sourcing have gained great importance, showing how transportation distances and material sustainability impact
carbon footprints [20]. Pre-construction planning and community-driven recovery with participatory approaches are critical success
factors [21]), as well as holistic planning that incorporates hazard mitigation and social well-being [22]. A growing trend in recent
research is the use of life cycle assessments (LCAs) to evaluate the environmental impacts of reconstruction materials and methods.
Evidence from Banda Aceh shows that LCAs are crucial for determining the sustainability of supply chains in resource-constrained
areas [20], as the efforts made to establish sustainable supply chain practices for timber procurement during reconstruction in
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Banda Aceh. As mentioned before, the integration of nature-based solutions, such as mangroves and coastal forests, into multi-layered
defence strategies enhance ecological balance while providing cost-effective and culturally accepted measures [22]. Additionally,
advances in disaster-resilient building codes, as seen in Japan, highlight the importance of adapting international standards, despite
challenges in their adoption in resource-limited settings [21]. Efficient material procurement and supply chain management, as seen in
the Indian Ocean Tsunami reconstruction in Aceh, remains key to mitigating environmental impacts. In Indonesia, Thailand, and
Japan, challenges such as resource scarcity, coastal zoning, and the carbon footprint of construction necessitate innovative approaches.
Incorporating community-driven initiatives and resilient design codes ensures reconstruction efforts are both effective and environ-
mentally conscious.

3. Spatial planning and development following the disasters

This section examines the integration of spatial planning and hazard zonation with construction developments across Indonesia,
Thailand, and Japan. It outlines the methodologies and outcomes of regional spatial plans, hazard zonation efforts, and specific

(a) % g PEMERINTAH KOTA BANDA ACEH

RENCANA TATA RUANG WILAYAH
KOTA BANDA ACEH TAHUN 2009-2029

GAMBAR 31
PETA RENCANA SISTEM PUSAT PELAYANAN
KOTA BANDA ACEH TAHUN 2029

KAB. ACEH BESAR

-5

I e seismic: 0-10m active from Palu-Koro fault boundary zones
Liquefaction: Post-2018 earthquake liquefaction zones
Tsunami: Tsunami-prone coastal border zone (100~ 200 metres from the
coast)
RB3  Seismic: 10-50m active from Palu-Koro fault boundary zones
Liquefaction: ‘Very High' liquefaction potential zone
Tsunami: High tsunami hazard zone outside the coastal boundary

ZR82  Liquefaction: ‘High' liquefaction potential zone

Tsunami: ‘Medium’ tsunami hazard

281 Liquefaction: ‘Moderate’ liquefaction potential zone
Tsunami: ‘Low” tsunami hazard

Residential housing /
tsunami evacuation

(C) Coastal protection Memory park Roads buildings (2 storeys)
Mangroves Coastal Elevated road
\ revetment \ 65m
S oy -
ez————% o e 8 v,

MLWS +0.3 m Community road

Fig. 1. Spatial planning in Indonesia: (a) Banda Aceh Regional Spatial Plan [24] (b) zoomed-in view of the Palu unified disaster-prone zone
mapping [25] (c) Palu City Coastal Rehabilitation Project, from the Asian Development Bank [26].
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construction projects aimed at mitigating disaster risk and enhancing resilience in coastal areas. Insights from Banda Aceh, Palu, and
other affected locations illustrate the challenges and advancements in integrating disaster risk reduction into spatial development
strategies. The detailed analysis of buildings, further elaborated in the companion paper by Baiguera et al., will provide context for
understanding the broader landscape of post-disaster reconstruction and development.

3.1. Indonesian spatial planning and development

In Banda Aceh, Indonesia, five years after the IOT, the city government published a Regional Spatial Plan (Fig. 1 (a)). It shows the
various centres and sub-centres with circles, and roads, including nominated evacuation roads. The spatial plan includes a 1 km buffer
strip, which has been under pressure due to factors such as its relatively lower land price, the desire of people with no lived experience
of the IOT moving to the city and investing in homes, and a fatalism that comes from coexisting with other hazards such as volcanoes
[23].

The total population of Banda Aceh in 2020 had increased from the 2005 (post-tsunami) figures by 42 %, following the sharp
decline of 2004 due to the tremendous loss of life in the IOT. The Banda Aceh population increases are shown in Table 1, using data
extracted from Amri et al. [27]. The city is currently approaching its pre-tsunami population. Unfortunately, the population in the
sub-districts situated at least partially within the 1 km buffer strip (the red ‘evacuation zone’ identified by Nubli Gadeng et al. [23]) has
grown by 79 % in the same period. During the 2022 EEFIT mission, we saw evidence of a small, high-quality housing scheme within
about 500 m of the shoreline: Aiman Regency Alue Naga in the Syiah Kuala sub-district. Finances were advertised on-site by Bank
Syariah Indonesia, the state-owned Islamic bank. More reassuring, we were told by a representative from the Spatial Planning
Department that the city government plans to relocate their offices to a new centre that has been developed over the last 10 years, away
from the coast. This new development effectively moves the centre of activities from the upper purple circle in Fig. 1(a) (above
BAITURRAHMAN”) to the lower purple circle 7-9 km inland at Batoh. This new hub will hopefully attract new residents away from the
tsunami risk zone.

Also, in the last few years, the proposed Banda Aceh Outer Ring Road (BORR) has been the subject of discussion and research. The
plans are for a 13.4 km, 30-50 m wide road aimed at improving connectivity and resilience. It would pass through several strategic
points (e.g. ports, toll road and airport) and provide an alternative route to the existing main road through Banda Aceh. In addition to
alleviating traffic congestion and promoting economic development, the BORR could play a role in disaster resilience with the
alternative route providing additional accessibility to support emergency response and evacuation efforts. However, its alignment
parallel to the coast could limit its effectiveness in this regard. Furthermore, tsunami inundation modelling undertaken by Syamsidik
et al. [28] found that a 3 m elevation BORR would have relatively modest reduction effects on tsunami inundation area (—22 % for 8.5
Mw and —9% for 9.15 Mw earthquake scenarios). A decision on whether the BORR will incorporate the elevated sections is still under
discussion in the ministry of PUPR [29], bearing in mind the ongoing relocation of the city centre further inland.

In Palu, Indonesia, just three months after the tsunami, the Indonesian ministries produced a unified disaster-prone zone mapping
for the entire Palu Bay region (including Palu City, Donggala and Sigi regencies), which accounts for susceptibility to ground shaking,
liquefaction, tsunami, flood, and ground movement in Palu (Fig. 1 (b)). Four zones were identified (ZRB 1 to ZRB 4) in different
colours, signifying increasing hazard levels. Focusing in on Palu City, it is striking how much of the land is prone to disasters. The “Palu
City Disaster Risk Study 2016-2020" [30] stated that out of 8 sub-districts in Palu City, seven were in the high tsunami disaster zone
category and only one sub-district in the low category. Meanwhile, according to this study, the total area in danger of a tsunami reaches
1785 ha or 4.5 % of Palu City’s total land area. Several businesses on the Palu City coast (including the collapsed Mercure Hotel)
remain shut down as re-development is prohibited (ZRB 4). Still, they are also awaiting the completion of the Palu Coastal Rehabil-
itation Project, which will reconstruct the collapsed Palu IV bridge [16], construct a 7.2 km long coastal revetment, and a 4 km long
elevated road [31]. A cross-section of the western part of the bay, which indicates the relative locations of these structures, is shown in
Fig. 1(c). A tsunami-prone exclusion zone has been established (at least 100-200 m from the highest tide point, 100 m zones around
Palu Bay, except in Lere, West Besusu, and Talise, which were set at 200 m). There was coastal-fishing village relocation inland (e.g.
West Mamboro Village) with houses having open ground floors to allow tsunami flow. However, as noted in the 2022 EEFIT visit,
daytime dwellings of fishing people continue to be occupied within the exclusion zone, and the open ground floors have often been
converted to living spaces (see Baiguera et al. [3] for more detailed discussion). There is also a significantly-sized reconstructed
mosque within or near the tsunami exclusion zone (Baiturrahman Mosque).

Table 1
Increase in Banda Aceh population following IOT.
Year Total Banda Increase in total BA Popns. of BA sub-districts at least partially in Total popn. of sub-districts Incr. in red zone sub-
Aceh (BA) popn. popn. since 2005 the red zone with areas in the red zone district popns. since
. 2005
Meuraxa Kuta Kuta Syiah
Raja Alam Kuala
2004 265,098 34,592 21,632 54,718 32,590 143,532
2005 177,881 2221 2978 35,033 25,418 65,650
2010 223,446 26 % 16,484 10,433 42,217 34,850 103,984 58 %
2020 252,899 42 % 26,861 15,291 42,505 32,969 117,626 79 %
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3.2. Thailand spatial planning and development

One year after the IOT, Thailand regulatory institutions [32] issued restrictions on construction in the coastal zones of the Phang
Nga and Krabi provinces affected by the tsunami. These included the requirement that all buildings must be designed by civil engineers
according to relevant building design codes, and they must use reinforced concrete (RC). Recent advancements in remote sensing
technology have allowed for the collection of high-resolution satellite imagery. This technology provides detailed information about
the built environment, crucial for analysing exposure growth and identifying vulnerable areas.

Worryingly, Fig. 2 shows that the population of Khao Lak within the IOT inundation zone has grown by 212 % between 2008 [33]
and 2019 [34], as evidenced by the increase in number of building footprints from 1,502 to 4,604. The results also reveal that per-
manent residents live further inland than in the tourist areas.

3.3. Japan spatial planning and development

Following the GEJE 2011, Japan’s coastal defence planning went through something of a paradigm shift [35]. Two different levels
of tsunami would now be considered, depending on their frequency of occurrence. Coastal defence structures should resist Level 1
tsunamis, but Level 2 tsunamis should only be tackled with a combination of disaster management approaches. Many locations affected
by the GEJE now have designated disaster risk areas; these restrict residential housing construction, permitting only commercia-
I/industrial construction [35]. However, there are further measures, as exemplified in Sendai City, home to the IRIDeS at Tohoku
University. The Sendai City Earthquake Disaster Reconstruction Plan [36] combines multiple defence, evacuation, and relocation
strategies (see Fig. 3). Sendai City is vulnerable to tsunamis due to its flat topography; those who survived the GEJE evacuated to the
top of tall buildings and elevated roads. The new defences are based upon tsunami simulations of the GEJE, with the most seaward wall
designed to withstand 150-year return interval tsunamis and 50-year storm surges [35]. An additional prefectural road has been
constructed, closer to the shoreline, to provide multiple functionality as a levee. It has a height of 7.0 m T.P. (Tokyo Peil), with a width
that can accommodate three large vehicles to ensure two lanes of moving traffic if a car breaks down. Junctions in the road are at
elevated heights rather than running underneath the road to prevent the tsunami from travelling through the openings. One-way
flap-gates are also provided to ensure that land on the leeward side can drain towards the coast in times of high rainfall. Another
layer of defence is provided by a replanted coastal forest. The purpose of the previous disaster prevention forests had been to reduce
coastal winds and wind-blown sand and protect from high tides and coastal fog. However, most of the forests were destroyed by the
tsunami due to the shallow roots of the trees, which are thought to have occurred because of a high-water table. Therefore, the land
level has been increased by 2-3 m and replanted. The trees are also valued from an ecological perspective. Vertical evacuation
structures and evacuation hills are also located in this area. Finally, in addition to the structural countermeasures, residents were
encouraged to move inland. Pakoksung et al. [37] show that the comprehensive combination of countermeasures, comprising coastal
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Fig. 3. Conceptual image of the Sendai City multi-layer tsunami mitigation measures (after [38]).

levees, a coastal disaster prevention forest and an elevated road, may reduce the area inundated by the tsunami by 20 km2.

In Kesennuma City, Miyagi prefecture, which was devasted by the 2011 GEJE, there was an initial reconstruction plan to build a
large seawall (trapezoidal revetment) inland of which is the Japanese Railway line (JR, Fig. 4). However, for the crest to be high
enough to provide sufficient protection, the revetment would need to be extremely wide, significantly reducing the width of Ooya
beach. A revised plan was devised to move the revetment further inland, preserving the beach. The route of the JR line was also moved
inland and was turned into a bus rapid transit (BRT), connecting settlements along that stretch of the coast. The bus route, road and
buildings would all be at the new revetment elevation, as shown in Fig. 4.

Another approach is evident in Yuriage, a coastal neighbourhood in Natori city situated south of Sendai Airport that was devastated
by the tsunami. In Yuriage, residential housing has been permitted in the previous inundation area, but only along a 750 m wide strip
inland of the canal that has been elevated by 5 m [40].

4. Development of tsunami design codes in Indonesia, Thailand and Japan

The development of design codes for tsunami loading has significantly evolved over the years, reflecting a growing understanding
of the risks posed by tsunamis following major events such as the Indian Ocean Tsunami. Fig. 5 shows the evolution of design codes in
Indonesia, Thailand and Japan for tsunami loading and effects since the IOT. In Indonesia, whilst they have had seismic codes dating
back to the 1960s (PBI 1966 — The rule of concrete construction in Indonesia), but codes addressing design for tsunami loads were not
published until 2020 when SNI 1727 adopted ASCE 7-16. Similarly, in Thailand, building codes for seismic actions date back to the
1980s (Uniform Building Code, 1985) and tsunami loads were introduced later (2008), partially based upon the US Construction
Manual (FEMA-55, 2000) and the City and Council of Honolulu Building Code (CCH, 2000). During the 2022 EEFIT mission to
Thailand, compliance with these codes was observed in a hotel we surveyed (The Waters, Khao Lak). Finally, Japan has the most highly
developed building codes for seismic and tsunami load considerations [41,42] with significant developments/revisions following the
IOT and the GEJE, including a guideline concerning structural damage to tsunami evacuation buildings etc. [43]. Their guidelines
consider factors such as buoyancy forces that can lead to overturning, including RC buildings [44], sliding, the effect of building
openings, pile extraction, scour, and debris loading. However, there has apparently been no significant impact from these compre-
hensive codes in Indonesia and Thailand. It should be noted that all these codes cover only engineered buildings, not small-scale
residential units.

5. Coastal evacuation planning in Indonesia, Thailand and Japan

Successful coastal evacuation planning should cover warning systems, effective training, and evacuation infrastructure and
mechanisms. In this section the processes and strategies for coastal evacuation planning within Indonesia, Thailand, and Japan are
described. From the introduction of the Indonesian Tsunami Early Warning System (InaTEWS) following the IOT to the evolution of
Thailand’s real-time seismic and sea level monitoring networks, and Japan’s advanced tsunami early warning protocols, this
comparative analysis evaluates the effectiveness and adaptability of these strategies. The discussion also includes the effectiveness of
community training and preparedness exercises, and the establishment of evacuation routes and structures designed to safeguard
populations during such events. By detailing the advancements and challenges encountered in Indonesia, Thailand and Japan, this

Fig. 4. Initial and revised Kesennuma coastal defences and transport infrastructure plan, dashed lines representing the initial plan (after [39]).
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Fig. 5. Development of tsunami-engineered building codes in Indonesia, Thailand and Japan with links to US codes alongside critical disasters.

overview provides a description of technical and operational aspects of coastal evacuation planning, also highlighting the collaborative
efforts between governments, local communities, and international bodies.

5.1. Tsunami early warning systems

Before the 2004 IOT, there was no tsunami early warning system in the Indian Ocean region, and many countries did not have the
capability to detect and warn populations in their low-lying coastal areas. The absence of such a system contributed to the high death
tolls in southern Thailand, even though there was a delay of up to 120 min between the earthquake and the first tsunami arrival in Khao
Lak and Phuket, which would have been sufficient time to issue an effective warning. Consequently, implementing adequate warning
systems is valuable in enhancing the resilience of populations susceptible to tsunami impacts.

5.1.1. Early warning systems in Indonesia

Following the 2004 IOT, various efforts have been made to mitigate the impact of tsunamis in Indonesia. Principally, there is now
the Indonesian Tsunami Early Warning System (InaTEWS). It is a complex people-centred system which requires communications
between various agencies and ministries. It includes four key elements [45]: risk knowledge, risk monitoring, dissemination, and
response capability. Several institutions have a role in the InaTEWS: the National Tsunami Warning Centre at the BMKG office, BNPB,
local governments, Indonesian Military, National Indonesian Police, television and radio stations, communities at risk, cellular service
providers and Hotel Managers. The warnings in InaTEWS are delivered in four stages, as shown in Fig. 6(a).

Within the first 2-5 min, due to the proximity of coastal areas to the earthquake sources, a tsunami warning is essential. Note that
the Palu tsunami inundated the coast within 5 min of the earthquake [14]. The InaTEWS is based upon three sensor types: (i) 159
seismic stations, which provide information on the epicenter location, depth, and the Mw; (ii) a 22 GPS systems comprising more than
20 real-time stations; and (iii) approximately 100 tide gauges. Offshore wave buoys were formerly part of the system, but they are no
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+ tsunami early warning instruments.
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e Tsunami arrival time tsunami threat

Fig. 6. Indonesian tsunami early warning system stages (a) and photo of a siren (b).



A. Raby et al. International Journal of Disaster Risk Reduction 117 (2025) 105138

longer relied upon due to their lack of reliability and high economic cost [46]. There are 4,470 pre-calculated tsunami scenarios
automatically matched to the measured data, first by seismic information, then with either or both the GPS and tide gauges [47]. Based
upon the most closely matched scenario, a warning is then issued according to the estimated wave height (EWH) [46]:

e Advisory EWH <0.5 m;
e Warning 0.5 m < EWH <3 m;
e Major warning EWH >3 m.

However, landslide-generated tsunamis, responsible for the Palu Bay event, are not modelled in these scenarios. Since its launch in
2008, InaTEWS has issued warnings following 22 earthquakes, two of which had significant tsunami impacts, namely the 2010
Mentawai Islands tsunami (with 504 tsunami victims) and the 2018 Palu Bay tsunami (with more than 1000 tsunami victims) [14].
Another two were overseas tsunamis, namely from Japan on March 11, 2011 (with one victim in Papua) and from Chile on February
27, 2010.

The system was also tested by the April 11, 2012 earthquakes that affected Banda Aceh (8.2 Mw followed by 8.6 Mw just over 2 h
later). Only modest tsunami waves were generated by the earthquakes (~1.06 m in Meulaboh in the issued warning), but widespread
panic ensued. A joint rapid assessment of the situation followed [48], involving many Indonesian institutions, but also including
UNESCO, UNDP and Tohoku University (Japan). They conducted interviews, circulated questionnaires (up to 800 respondents in
Aceh) and conducted focus group discussions. The assessment highlighted issues including: ineffective/unhelpful sirens (local sirens
not being activated within an appropriate time window and when finally activated causing panic due to the fear of imminent inun-
dation), traffic congestion (families travelled in cars to find members before trying to evacuate to safe locations), the BMKG website
crashing after receiving 400,000 visits, procedural/equipment issues [48]. Furthermore, only a few dozen people ran to the escape
buildings, despite the drills [49].

The large number of tsunami fatalities in Palu Bay in 2018 sparked polemics and criticism of the effectiveness of InaTEWS. Various
national and international media criticized the InaTEWS system, which was considered not to work optimally, thus failing to provide
early warning to the community in the affected areas. Facing this criticism, BMKG, as the operational implementer of InaTEWS, stated
that the early warning system had actually been running well. It was stated by Dr. Daryono, Head of the BMKG’s Centre for Earthquake
Information and Early Tsunami Warning, that BMKG had followed the established standard operating procedures (SOP) in providing
earthquake information services and tsunami early warning. There was no human error or instrument error by the BMKG in issuing an
early warning for a tsunami Palu [50]. UNDRR and UNESCO-IOC [14] make the point that responses to the early warnings issued by
BMKG are the responsibility of the local government. Their investigation found that the warning bulletin issued by InaTEWS was not
conveyed to the local Palu community. They concluded that too many agencies and institutions are involved in the early warning chain
at the regional level [14]. In Palu Bay the response was further complicated by the fact that, at that time, BKMG issued warnings based

Fig. 7. Thai early warning systems: (a) location of digital seismic stations; (b) example digital seismic station; (c) and (d) example warning towers;
(e) tsunami arrival time map; (f) testing of the warning system.
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on the Mamuju tide gauge station located much further to the south, not the Pantoloan Port tide gauge within Palu Bay itself [51].

In terms of hardware, the city of Palu has one tsunami siren (Fig. 6(b)), installed by the BMKG in 2011, located in the city centre,
about 1.9 km from the beach. There is a general understanding of what the siren does. According to the BMKG mandate, on the 26th
day of every month, there is an audible test of the siren. Some of the local inhabitants, questioned during the EEFIT visit in November
2022, said that the tsunami siren had not sounded in drills in the months before the 2018 earthquake and tsunami. During the
earthquake, the siren did not sound due to power outages (including failures of the backup power supply) and telecommunication
disruptions following the earthquake [14]. In the 2018 EEFIT Palu mission conducted by some of the same team [16], it was notable
that all interviewees evacuated based on their own observations: the ground motions and the sight of the water, with two interviewees
also mentioning strange animal behaviours (moving away from the sea) and none mentioned early warning systems. Furthermore,
‘fake’ tsunami warning towers (actually, standard telecommunication towers) are also said to have led to deaths, as residents were
waiting for them to issue an alert before they would start their evacuation. This telecoms tower was installed by contractors who
wrongly conveyed its purpose [14]. The city of Banda Aceh has five warning siren towers around the city. In Palu, there were also
delays in the reception of warning messages via SMS. An example was given of residents returning to the coast (having evacuated
inland, based on previous experience) 2.5 h after the first (more minor) earthquake. They then picked up messages via SMS and social
media to say that there was no tsunami risk from the earthquake and were then caught up in the subsequent large earthquake and
tsunami [14].

5.1.2. Early warning systems in Thailand

Real-time seismic and sea level monitoring networks in Thailand have been developed and maintained by the Thai Meteorological
Department (TMD) since 2005. TMD is a governmental organization responsible for monitoring, analysing, and warning for natural
hazards, including earthquake information and tsunami warnings. As of January 2018, TMD is operating around 80 digital seismic
stations (Fig. 7(a) and (b)). They will provide a real-time tsunami warning to the National Disaster Warning Center (NDWC) within 15
min of any earthquake. Two wave buoys [52] also provide data; one buoy (No. 23461), located 340 km off the coast of Phuket, stopped
sending signals in January 2024. The Department of Disaster Prevention and Mitigation (DDPM) planned to replace it between July
and October 2024 [53].

Unlike in Indonesia and Japan, the warning types do not differ based on wave size. Instead, a first warning is issued after detecting
an earthquake within seismic awareness zone 1 (Thailand, Myanmar, Malaysia and northern Sumatra) with a magnitude greater than
7.8 and a focal depth of less than 100 km. The second warning is issued after detecting a tsunami wave from a tidal station or tsunami
buoys [54]. NDWC acts as the centre coordinating with other governmental agencies and is responsible for making decisions,
announcing all warnings, and evacuating people in high-risk areas. NDWC plan to disseminate warning messages via television, radio,
e-mail, SMS, and warning towers. During a follow-up visit in December 2024, the cell broadcast system (CBS) had been tested but was
still not operational. When CBS works it will send instant emergency alerts to all mobile phones in high-risk areas, covering all service
providers without requiring pre-registration in 5 languages (Thai, English, Chinese, Japanese, and Russian). There are now 130
warning towers [55] in six tsunami-affected provinces (Krabi, Phang Nga, Phuket, Ranong, Satun, and Trang) (Fig. 7(c) and (d))
installed in popular tourist and low-lying coastal areas along the Andaman Sea. These towers are maintained by the Department of
Disaster Prevention and Mitigation (DDPM). Routine weekly tsunami warning practices are scheduled from these towers by playing the
Thai National Anthem at 8 a.m. every Wednesday to confirm there are no operational problems. However, this was not audible during
the two Wednesdays that a sub-set of the EEFIT team was in Phang Nga in 2022. At the Outrigger Hotel in Khao Lak, the manager said
that warnings would be provided to hotels, and cars with loudspeakers would warn people on the main highway. These warnings
would come via local NDWC and DDPM staff and be propagated further by local civil staff. In rural areas, it is common to have
loudspeakers for community announcements (e.g. annual vaccine programme, local sports, local election, etc.).

TMD has also developed tsunami source inversion with time reverse imaging to forecast tsunami arrival time from other potential
earthquake sources. Tsunami arrival time maps (Fig. 7(e)) from different tsunamigenic sources, which might directly impact the Thai
coastlines, both in the Gulf of Thailand and the Andaman Sea, have been pre-determined for warning purposes. As shown in Fig. 7(f),
the tsunami early warning system is tested and validated in the SOPs for routine checks by the NDWC.

5.1.3. Early warning systems in Japan

The Japan Meteorological Agency (JMA) has operated its tsunami early warning system since 1952. They began using quantitative
methods for the warning in 1999 [56]. This method is based upon pre-simulated assumed earthquake magnitudes and related fault
parameters stored in a database, which enables the estimated tsunami arrival time and height to be announced from the real-time
observation of earthquake-related information within a few minutes. This approach is used because simulating a tsunami immedi-
ately after the occurrence of an earthquake requires much computational time, so the JMA cannot announce the warning before the
actual tsunami arrives. This tsunami database is validated using historical tsunami events. It has been improved over time with
measures such as the use of finer simulation grid size, the adjustment of roughness coefficients, the addition of more cases of the
assumed fault parameters, and the increased accuracy of the tsunami height estimation [57-59]. Several offshore tsunami buoys
existed before the 2011 tsunami, but they were not sufficient in number. Japan’s National Research Institute for Earth Science and
Disaster Resilience (NIED) have subsequently installed the “seafloor observation network for earthquakes and tsunami along the Japan
Trench” (S-net), consisting of 150 sensors which cover the area of the 2011 earthquake and its surrounding areas [60,61]. The sensors
comprise ocean bottom pressure sensors (for tsunami detection) and seismometers. This dense real-time observational system will
support the accuracy of the tsunami warning. It is not only the above-mentioned technical improvements but also an operational
perspective. JMA decreased the tsunami warning category from eight to five quantitative expressions. It will use qualitative
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expressions when it takes time to determine the exact earthquake magnitude scale [62]. An infographic showing how information will
be conveyed is shown in Fig. 8(a).
There are three levels of tsunami warnings [65]:

e Major Tsunami Warning — Over 10 m or 5-10 m or 3-5 m;
e Tsunami Warning — 1 m-3m;
e Tsunami Advisory — 0.2 m~1 m.

In coastal areas of Sendai City, 79 outdoor speakers will broadcast tsunami evacuation information. The poles supporting the
transmission systems have been redesigned since the GEJE 2011 when 38 poles were damaged: revised battery height (8 m), operation
time (72 h), and pole diameters (319 mm). Warnings will also be issued by other mechanisms, including mobile phone and landline
[66], email, the Sendai City website, and Tweets from the Sendai City Crisis Management Bureau. Fire engines and helicopters will also
make announcements, and there have been recent trials with announcements from drones in coastal areas [65]. Furthermore, people
are encouraged to either go inland or into a designated evacuation site on foot when they experience strong ground shaking, not
waiting for a tsunami warning [66]. At the time of writing, there have been reports of the successful issuance of a tsunami warning
(later downgraded to tsunami advisory) in the 2024 Noto earthquake, including by an overseas visitor who received a message in
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Fig. 8. Japanese early warning systems: (a) flow of information [63] and (b) message received by English visitors caught up in the 2024 Noto
Peninsula, Japan Earthquake [64].

11



A. Raby et al. International Journal of Disaster Risk Reduction 117 (2025) 105138

English (Fig. 8(b)). Notwithstanding this effective communication, a visit by an EEFIT member to Japan in 2022 was made with no
advanced notification of hazards in different areas, e.g., the requirement to download a smartphone hazards app.

5.2. Tsunami preparedness training

Conducting routine training is crucial for identifying weaknesses in tsunami evacuation preparedness. Exercises and drills can raise
awareness among various stakeholders at risk and suggest how warning systems should function.

5.2.1. Training in Indonesia

Tsunami and broader disaster education is incorporated into the school curriculum; an approach known as Satuan Pendidikan Aman
Bencana (Disaster Resilient Education) is explicitly implemented for elementary and junior high schools. University academics have
been involved in the concept and development phases of the formal guidelines [67]. TDMRC has been actively engaged in school
disaster education, e.g. art workshops on disaster mitigation and preparation of school tsunami evacuation maps and drills. The
involvement of local partners is critically important; Sakurai et al. [68] found that those Banda Aceh schools with externally-driven (i.
e. donor) disaster-preparedness activities did not continue them due to a lack of ownership/funding.

Within the wider community, concerning the City of Palu Contingency Plan (2012), the city of Palu held a National Rehearsal for
Tsunami Disaster Management in 2012 (Fig. 9). The National Disaster Mitigation Agency (BNPB) organised the activity with various
agendas: discussions on disaster topics, exhibitions, and film screenings of simulations dealing with a tsunami [14]. The people who
attended the three-day training were then asked to become Community Disaster Preparedness Groups (KSB) for each village. During
the training, residents received instructions to take part in a tsunami evacuation drill. Some kelurahan (city wards) participated in the
self-evacuation activities a few days earlier, which were facilitated by a consortium of non-governmental organisations. In the sce-
nario, women, children, the elderly and pregnant women were transported by car or motorcycle. Sirens sounded as a sign of an
earthquake and that it was time to run for safety to a safe place. But when the actual tsunami happened, the scenario that was taught
did not work. Some people still remembered what was done during the drill, which mostly resembled a dramatization of an earthquake
incident rather than a preparedness exercise.

Moreover, not all people in Palu had participated in evacuation training [14]. On the EEFIT mission we heard first-hand that this
was the case in Banda Aceh, where only a representative from a (school) community was required to engage with the evacuation
activity. Syamsidik et al. [69] also report that the preparedness of some schools and health centres in the Aceh region of Indonesia was
compromised due to insufficient drills and operational guidelines. Furthermore, the external disaster education group training pro-
vided to communities subsequently affected by the Palu event was based on characteristics of the IOT, where the sea receded, and there
would be 20-30 min between the earthquake and tsunami [14]. This sequence of events did not happen in Palu, which may have led to
some of the tsunami casualties.

The latest official tsunami preparedness simulation guidelines were published in 2014 by Indonesia’s National Disaster Manage-
ment Agency [70]. However, frequent training is still being conducted by both BPBA (Aceh Disaster Management Board) and BPBD
(Aceh Disaster Management Regency). Activities include training sessions or workshops related to emergency response and JITU
PASNA (Post-Disaster Needs Assessment). The programmes serve as part of building a more resilient community and trying to ensure a
well-coordinated disaster response.

5.2.2. Training in Thailand

Most areas in Thailand affected by the IOT have emergency response plans and countermeasures which follow international
guidelines or prescriptive designs. Current practice is limited to raising awareness among people about proper response and main-
tenance processes, as shown in Fig. 10(a) (government level) and (b) (local community). The EEFIT team that visited Phuket in 2022

Fig. 9. Evacuation training in Palu City, Indonesia, in 2012 UNDRR and UNESCO-IOC [14].

12



A. Raby et al. International Journal of Disaster Risk Reduction 117 (2025) 105138

had made a previous visit in 2019, noting confusing evacuation signage [71]. Major improvements were evident in 2022, but there was
still a little ambiguity, particularly for visitors unfamiliar with the geography. Many of the hotels we surveyed had evacuation plans,
some including details about how staff would pick up food from the kitchens to provide for their guests.

The Department of Disaster Prevention and Mitigation (DDPM) are responsible for organising annual evacuation drills for local
people in Phuket and Khao Lak. These focus on building awareness, but they cannot fully assess the readiness of evacuees and do not
reflect reality accurately. In one drill, participants only started from the beach (Fig. 10(c) and (d)), but evacuations would more
realistically start from different locations. In addition, decisions to evacuate would change based on the time of day and the type of
information provided. The evacuation routes are generally designed for on-foot evacuations, but most people would choose to
evacuate by vehicle, which could be controlled by traffic systems. Realistic evacuation drills are not practiced due to several factors,
including commitment to participate, time, and budget constraints. In December 2024 on a site visit to Ban Nam Khem, we learned
about some good practice developed by the community itself. Here the residents are very exposed to tsunami inundation, with a
roughly 3 km journey to safety. When they first conducted evacuation drills, from a central location, it took ~40 min. Now, with
further practice they can evacuate to safe areas, from their normal place of work/activity, in just 17 min. Some hotels practice their own
drills, e.g. the Outrigger Resort in Khao Lak had a drill of evacuation procedures every three months. In general though, infrequent
exercises and drills are indicators of weaknesses in evacuation preparedness that need to be addressed. During the same visit in 2024
we also observed Disaster Preparedness Workshops at an elementary and junior high school, led by Yasuda Mari from Tohoku Uni-
versity. They comprised an informative lecture, an activity of turning a large handkerchief (printed with evacuation instructions) into a
versatile bag, and a disaster awareness game. More than 400 of these workshops have been undertaken in Thailand, Japan, Hawaii and
elsewhere. The Thailand Tsunami Museum in Khao Lak also fulfils an educational role in the region.

An alternative approach to realistic drills, agent-based modelling, has been undertaken by two of the Thailand EEFIT team
members. Their investigation [72] considered two locations in Khao Lak: Ban Nian, where 80 % of the population was assumed to be
visitors and Tab Lamu, where only 40 % were visitors. Assumptions about factors such as evacuation preferences, shelter recognition,
etc., were based on questionnaire responses, and others, such as warning times, were based on previous evacuation events. The results
revealed the dependence of successful evacuations on warning time, preparation time and shelter recognition. It also highlighted the
fact that there is insufficient provision of vertical evacuation shelters. Therefore, local and tourist populations alike remain vulnerable.

5.2.3. Training in Japan

Japan has well-developed training programmes for populations living within tsunami hazard zones, with officials and residents all
involved. In the Miyagi prefecture, where there are extensive low-lying coastal plains and previous inundation was up to 5 km inland,
drills began in 2012, shortly after the GEJE in 2011. In Yamamoto Town, vehicle evacuation was intentionally incorporated into a drill
as the location was, at that time, experiencing significant truck movements associated with rebuilding the seawall. As expected, the

Fig. 10. Tsunami evacuation training in Thailand: (a) government level; (b) local community level; (c) and (d) evacuation drills.
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drill resulted in long queues of up to 400 m at road junctions. Based upon this, traffic regulation was identified as an important area to
resolve [73]. In Iwanuma, drills have improved the proportion of people alerted by tsunami sirens and increased the number of people
evacuating on foot [73].

In Sendai, there are annual drills on World Tsunami Awareness Day (05 November), where people actively use the evacuation
facilities [65]. Hazard maps are a key feature of preparedness in Japan. Dedicated map workshops are held several times a year,
ensuring that any revisions are conveyed to affected communities. Maps are distributed annually so that those who have recently
moved to Sendai City are informed [65] with an English language version available. Maps are also used in the dedicated drills and
volunteer workshops. The visually engaging maps indicate the tsunami inundation areas, evacuation facilities, and sites. The maps
indicate two zones in Sendai, split by the newly constructed/elevated road; both sides of the road were inundated in 2011. On the
seaward side of the road, people need to evacuate when there is a Tsunami Warning, but on the inland side of the road, people only
need to evacuate for a Major Tsunami warning. On the reverse of the map is a ‘Tsunami Evacuation Guide’ with helpful informa-
tion/reminders. It was prepared under the supervision of IRIDeS, the Tohoku University research institute [66]. The 6th edition map in
2022 used the Prefectural tsunami flood estimates and took into account the tsunami increasing the river levels [66] with a ‘flood-
water’ line based on GEJE 2011.

5.3. Evacuation routes and structures

In tsunami-prone regions, the effectiveness of evacuation routes is critical for minimising casualties and ensuring public safety.
Nevertheless, several challenges remain in optimising these routes, with factors such as human behaviour, terrain, and infrastructure
limitations significantly influencing evacuation success. One prominent issue is the delay known as "milling time," where individuals
hesitate or seek confirmation before evacuating after receiving an alert. This hesitation can severely reduce the chances of reaching
safety, particularly in events where time is constrained. Research has demonstrated that even a 10 to 15-min delay can substantially
increase mortality rates in near-field tsunami events, underscoring the need for enhanced public education and training programs to
ensure immediate evacuation upon receiving warnings [74]. Moreover, evacuees often prefer familiar or primary routes, which can
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Fig. 11. Examples of vertical evacuation structures in Banda Aceh, Palu, Southern Thailand and Japan.
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result in congestion, particularly in regions where vehicular evacuation is prevalent [75]. Although recommendations emphasise
evacuating on foot, many individuals still choose to use vehicles, exacerbating traffic problems and delaying the overall evacuation
process. To address these challenges, recent advances in technology now allow for the modelling and simulation of evacuation be-
haviours, providing planners with tools to predict bottlenecks and adjust routes dynamically or to implement mixed-mode evacuation
strategies that incorporate both pedestrian and vehicle pathways [76]). Evacuation efficiency depends greatly on terrain and envi-
ronmental conditions. While well-maintained roads enable faster movement, unpaved or difficult terrain, such as sandy areas, can
hinder evacuation efforts. Consequently, effective planning must consider the local landscape to minimise travel over challenging
terrain. Recent advancements in evacuation planning include digital tools and simulation-based training, which offer communities the
opportunity to practice evacuations in realistic settings. These tools not only familiarise residents with evacuation routes but also
enable planners to test and refine these routes based on real-world data, enhancing the efficiency and speed of evacuations. Integrating
these technologies into public preparedness programs has been shown to improve the success of evacuations significantly, ultimately
reducing the risk of casualties.

Effective evacuation of people in a tsunami inundation zone can also be achieved through vertical evacuation structures rather than
evacuation routes. These structures allow residents to seek refuge in high-rise buildings or other elevated safe zones rather than
attempting to travel longer distances inland. The choice will be influenced by estimated tsunami arrival time in the different locations,
i.e. when time is short, it will not be possible to travel a relatively long route away from the inundation zone, so the only option will be
to ascend a tall structure. A variety of vertical evacuation structures built in the four locations are shown in Fig. 11. They are divided
into dedicated and multi-purpose structures. An indication of their spatial distribution is given in Fig. 12.

Banda Aceh lies on a coastal plain with no natural vertical escape options available to most of the city residents. This explains why,
during the reconstruction of the city, a total of eight tsunami vertical evacuation (TVE) buildings were constructed. As shown in Fig. 12
(a), most of them are located in the northern sector of the city, where the largest tsunami inundation depths were recorded in 2004
(10-12 m). The dedicated TVE structures include those built by the Local Disaster Management Agency (DMA) in Deah Glumpang
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Fig. 12. Spatial distribution of evacuation structures in (a) Banda Aceh (b) Khao Lak and (c) Japan [66].
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(Fig. 11) and a three-storey steel building at the local firefighter department (Fig. 11). However, in Banda Aceh, the local population
has no affinity with the TVE structures and has not used them in tsunami alerts [69]. The multi-purpose TVE structures include the RC
structures built with the support of the Japanese government, one of which is located in Ulee Lheue, the area of the former seaport of
Banda Aceh. Another is one of the blocks that used to host the Tsunami and Disaster Mitigation Research Center (TDMRC) head-
quarters in Ulee Lheue prior to moving to the main Syiah Kuala University campus (Fig. 11). This building is a massive reinforced
concrete structure, 13 m tall, rectangular in plan, with a dense grid of large square columns (75 x 75 c¢m in section at the ground floor)
and with a refuge roof easily accessible via a system of gentle ramps. The building is strategically oriented to have the short side
exposed to the tsunami wave impact. To reduce this further, the engineers designed the front of the building as the bow of a ship. The
impressive Tsunami Museum in Banda Aceh City (Fig. 11) is also designated as a multipurpose TVE structure. Most recently, the
municipal government of Banda Aceh has been trying to identify tall buildings in the city that would be suitable for vertical evacuation
and has produced a detailed map of planned evacuation shelters [77]. Referring back to Table 1, the 2020 data suggests that
approximately 118,000 people live in sub-districts closest to the coastal zone and would need to evacuate, either further inland or into
shelters.

In several locations in Palu, markers have been made for evacuation routes. The routes are indicated by the white line in Fig. 13.
However, not everyone is aware of their function. The newly constructed lecture theatre of the State Institute for Islamic Studies (IAIN)
(Fig. 11) has been designed to also serve as a TVE facility for the nearby population. It can accommodate 800 people, protecting
occupants from tsunami waves up to 11 m, with wide staircases leading to the roof. Pre-dating the Palu tsunami, researchers from
Hasanuddin University planned evacuation routes for Palu City, recognising its vulnerability to tsunamis. They used the ArcCASPER
(Capacity-Aware Shortest Path Evacuation Routing) tool [78]. However, there was no evidence during the 2018 EEFIT mission that
these routes had become established.

Phuket, Thailand’s most densely inhabited area, has steep hills nearby, so the need for TVE structures is lower. In the flatter areas of
Khao Lak, Thailand, although dedicated TVE structures are available to reduce evacuation distance, the overall capacity may need to
be increased. Their spatial distribution is shown in Fig. 12(c), where structures are situated about 10 km apart from each other. This
distance is further than most could quickly evacuate on foot. The structures are showing some signs of decay with rusting railings and,
in at least one location, had become home to feral dogs. In Patong, Phuket, the Provincial Electricity Authority (PEA) building (Fig. 11),
situated near the edge of the IOT inundation zone, is a nominated TVE structure. Typically, though, government buildings are not
constructed within the tsunami hazard zone. Instead, they are designated as horizontal evacuation structures and noted in the tsunami
evacuation plan at both the provincial and local levels (sub-district) [79]. Several mid-rise buildings, such as hospitals, schools, and
hotels, could be suitable for designated TVE buildings in densely populated areas. However, it is also important to check the design of
these buildings with the standard of vertical evacuation shelters. At least two of the hotels in the region had buildings that were five
storeys tall. The La Vela Hotel had dedicated one of their buildings as a TVE structure. The roof is accessed via a sliding trap door, and
though there is no parapet wall or railings, given the good construction quality of the building, it would be a sensible evacuation site.
At the Water’s Hotel, just 500 m away from La Vela, their five-storey buildings have not been designated as a TVE structure, and
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Fig. 13. Palu City evacuation route (in white) [31], with italic text translated to English from original Bahasa Indonesia.
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residents would instead have to travel about a kilometre inland out of the inundation zone for a tsunami equivalent to the IOT.

In Japan, during the GEJE 2011, around 106,000 people evacuated to 288 evacuation centres, creating great strain in terms of
available food, staffing and privacy [80]. In Sendai City, the capital of the badly affected Miyagi prefecture, there are a large number of
evacuation facilities, including six towers, five buildings and five sets of evacuation stairs [65] in addition to constructed hills. The
towers have 20 m deep piled foundations, an open ground and first-floor, with external walls on the second floor to provide protection
from cold and wind. There is a further area at roof level (10 m). The tower stocks food (to last 48 h), blankets, gas stoves, ropes, life
jackets, radio equipment, etc., with lighting provided by PV power. There are balcony areas to allow for rescue of people caught in the
wave during the tsunami inundation. Each tower cost about $15 million to construct. The towers and evacuation buildings are locked,
with the keys lent to local residents; they can be broken into in an emergency. Evacuation buildings have a dual function as activity
centres for the fire corps [65] The recent Noto Peninsula earthquake evidently demonstrated the need to provide support for evacuees
over an extended period [81].

6. Development of coastal defence and port structures in Indonesia, Thailand and Japan

Structures along the coastline comprise those that provide some type of defence, preventing waves from engulfing the land, but also
those that provide access to the sea for transport, fishing, etc. This section describes the development of both types of structures in the
four locations observed by the field teams.

6.1. Coastal defence and port structures in Banda Aceh

After the tsunami struck Banda Aceh city and Aceh Besar Regency, coastal defence structures were constructed along some stretches
of the coastline. These structures are in the form of rubble mounds or concrete seawalls. Their purposes are: (a) to preserve the area of
Banda Aceh city, as large amounts of the coastal areas which had been used for aquaculture and mangroves, were transformed into a
lagoon by the IOT; (b) to protect the land from wave attack and from coastal flooding during Spring tides; (c) to protect the revitalized
aquaculture; and (d) to prevent sand deposition over the shoreface and coastal roads. They are not designed to protect against tsunami
waves, which have much greater wave height and wavelength compared to storm waves. Forming the rather exposed coastal road
connecting the Ulee Lheue Port peninsula to the Tempat Pendaratan Ikan Lampulo Fish Landing port is a rubble mound seawall of 45°
shoreward angle with a crest level of about 2 m above the water level (Fig. 14(a)). There are long and wide scour holes along the crest
of the wall caused by wave overtopping that has displaced the quarried rock. Gaps have been subsequently filled by much smaller
graded rock, giving a fairly level surface for cars but not providing the height needed to prevent overtopping and further damage. This
vehicle route is clearly in jeopardy. To the west of the Ulee Lheue Port is an offshore revetment that protects the coastal road con-
necting the city’s main road to the ferry port (Fig. 14(b)). It was the first coastal structure rebuilt after the 2004 IOT, having been badly
damaged by the tsunami and severe coastal erosion (probably combined with land subsidence). In addition to protecting the main

Fig. 14. Coastal defence and port structures in Aceh: (a) coastal road connecting Ulee Lheue Port peninsula to Tempat Pendaratan Ikan Lampulo
Fish Landing port; (b) west of the Ulee Lheue Port; (c) Aceh Besar Regency (d) bridge piers across the Aceh river; and (e) jetty in Lampulo fish-
eries port.
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road, it provides calm water for leisure activities, but it is not safe for swimming due to abandoned wells from the former houses.
Towards the northeast of the coastal road from Banda Aceh to Ujong Batee at Aceh Besar Regency, more seawall structures are found of
rubble mound or concrete types. Some stretches of the seawalls seem to be perched on top of the non-equilibrium shoreface, and some
are overtopped by sand accumulation, as shown in Fig. 14(c). The coastline of Aceh has a mixed story of accretion and erosion
following the IOT [82]. Also, nowhere in Banda Aceh are mangroves being used as tsunami mitigation; their purpose is just to support
aquaculture activities. However, in Palu Bay, Fig. 1(c) (Section 3.1) shows that mangroves are the shoreward line of the multilayer
protection plan against tsunamis. Mangrove seedlings have been planted by volunteers on the Palu City shores. Remnants of structures
damaged in the IOT are still in evidence in the bridge piers across the Aceh River (Fig. 14(d)), the tsunami having destroyed the deck
which carried the road. The extensive Lampulo fishing port, built from internal donor funding, was thriving when we visited (Fig. 14
(e)). However, some of the rubble mound structures and road surfaces were ageing badly.

6.1.1. Coastal defences in Palu Bay

The earthquake and tsunami disaster of September 28, 2018, damaged the facilities and infrastructure of the Palu City coastal area.
The destructive force of the tsunami was such, that the coastal protection infrastructure and the physical infrastructure behind (incl.
seawalls, reclamation areas, the iconic Palu Bridge IV, education buildings, mosques, monuments (the Floating Mosque), fishing
vessels and equipment, houses, and shops) were destroyed or damaged up to a distance of about 200 m inland. The coastline retreated
inland, reducing land area and changing the beach slopes. The retreated coastline and the damaged seawalls left Palu City unprotected
against coastal erosion and tidal influences. In Palu, the collapse of reclamation land in the Penggaraman area (Tanjung Batu set-
tlement), a part of the old town in Donggala, remains in the state that it was immediately after the disaster. To address these problems
and according to a Ministry of Public Works and Housing report [83] the Palu Coastal Redevelopment Program has been created. A
part of this program includes the Palu Coastal Protection Project which has been created to address the problems of coastal erosion and
high tides [83]. Other elements of the redevelopment program are: (i) construction of an Elevated Road at the Palu City seafront (see
Fig. 1 (¢)) (ii) reconstruction of the Palu Bridge IV, (iii) mangrove development between Silae and Lere, and (iv) salt production plots.
These projects may be constructed together or after the Palu Coastal Protection Project. Protection against tsunamis and sea level rise
will be provided in the longer term by the elevated road and mangrove development to be financed by the Japan International
Cooperation Agency (JICA). The project location covers from west to east four villages, i.e. Silae (Palu Barat Sub-district), Lere (Ulujadi
Sub-district), Besusu Barat (Palu Tiur Sub-district), and Talise (Mantikulore Sub-district). The project consists of constructing a 7 km
coastal revetment along Palu beach, including four boat mooring facilities and land acquisition (Fig. 15(a)). According to ADB (2019),
the crest elevation of the structure will be 3 m above Mean Sea Level (Fig. 1 (c)), and the width of the coastal protection zone varies,
depending on the local elevation, with a minimum of 17.15 m. The four boat mooring facilities will be constructed perpendicular to the
coastal embankment, consisting of standing piles with driving piles and pontoons. At the time of the EEFIT mission to Palu in December
2022, limited progress had been made, mainly in the construction of the rock revetment and boat moorings (Fig. 15(b)), but the works
for the Palu Coastal Redevelopment Program had not yet started. It was not possible for EEFIT to assess the quality of these works.

The elevated road will restore the coastal road destroyed by the 2018 tsunami. Furthermore, in addition to mangrove protection as
the first line of defence, the elevated road will act as a second line of coastal protection. The planned elevated road will have a total
length of 4 km along the coast. Tsunami simulation analysis [85], assuming elevated road heights of 3, 6 and 9 m (not accounting for
the additional protection provided by the forementioned mangroves), has shown that the elevated road may significantly reduce the
tsunami inundation area and delay the tsunami arrival time (four different tsunami scenarios were considered). Tsunami waves do not
overtop an elevated road with a height of 9 m. A height of 6 m will reduce the inundation area of Palu Barat and Ulujadi districts by
81.7 % and would also delay the tsunami arrival time. However, an elevated road higher than 6 m has no significant impact in reducing
the inundation area.

6.1.2. Coastal defence and port structures in Thailand

Seawalls along the coast of Phang-Nga and Khao Lak were seen to be generally associated with the tourist industry. At the more
exclusive southern end of Patong Beach in Phuket is a seawall that protects the coastal road and tourist apartments (Fig. 16(a) and (b)).

-

TELUK PALU. / @
ecenA o
®

= -y WY

Fig. 15. Palu City coastal defences: (a) Infographic on the Palu Coastal Protection project; the location of the four boat mooring facilities is shown in
yellow circles [84]; (b) new revetment and boat mooring facility in Lere in December 2022.
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The concrete wall has a recurve shape commonly used as a wave return, but here the wall is some distance from the shoreline (~10 m).
Away from smart tourist resorts, Bhan Nan Khem pier has been reconstructed post-IOT, but the remains of the former pier still lie
derelict alongside (Fig. 16(c)). Finally, we found many examples of coastal erosion along the Khao Lak coast e.g. Fig. 16(d). Many of
the locations have poorly maintained or inappropriate coastal defences. Given the economic importance of beaches to this tourism-
dominated region, this is a serious issue.

6.1.3. Coastal defences in Japan

Japan has many coastal defences built to protect populations from tsunamis, or at least reduce their severity. These will also be
effective against more common typhoon-driven storm surges. Lessons were learned from the failures of the coastal levees in the Sendai
City area, including strengthened heel construction on the leeward side to prevent failure due to scour, increased size of concrete
blocks on the crown and slope, and interlocking blocks on the leeward side to avoid their loss [38]. The reconstruction of the destroyed
coastal defences was rapid; when EEFIT visited two years after the tsunami, the 7.2 m elevation (with respective to the Toyko Peil
datum) concrete revetments defences in Yuriage which protect Sendai airport were complete, and others in Arahama were well under
construction [86]. The 22 m elevation walls protecting the Hamaoka Nuclear Power Plant were also complete. Fig. 17 shows details of
the Taro seawalls (in Iwate prefecture), one of the most physically impressive of Japan’s tsunami defences. The layout of the two
defensive lines of walls is seen to form an X-shape from above (Fig. 17 (a)). The height of the 10 m inner wall was based on the 1933
Showa Sanriku tsunami and was completed in 1958. Whilst it was effective in the 1960 Chilean tsunami, the wall was overtopped by
the 2011 GEJE tsunami which had a height of 16.3 m at that location. The 2011 tsunami also destroyed a more modern wall closer to
the shoreline (Fig. 17 (b)). The destroyed wall has been replaced by a wall with a crest elevation of 14.7 m, the level of the 1896 Meiji
Sanriku tsunami (Fig. 17 (c)). Views of this new wall are shown in Fig. 17(d)-(f). The evacuation plans in Taro are based upon a
conservative scenario of the 2011 tsunami occurring at high tide with additional land subsidence and no seawalls.

Fig. 18 shows a range of Japanese coastal defences. Along the coastal road in Miyako (in Iwate prefecture), protecting hotels, fuel
stations, and businesses is a seawall with a crest elevation of about 3 m above pavement level (Fig. 18(a) and (b)). To preserve the view
of the sea, transparent panels are periodically incorporated into the design, and to allow access to the beach, pedestrians may use
concrete steps and a waterproof gate. Fig. 18 (c) shows an example of concrete armour units, ubiquitous on the seaward side of coastal
defences in Japan, these ones at the Hotel Ragaso, Tanohata, Iwate prefecture. Note the people in the background for scale. Fig. 18 (d)
shows a typical river gate situated at the downstream end of the Settai River. The new structure replaced the earlier barrier (13.7 m
high, 300 inland from the shoreline) damaged by 2011 GEJE [88]. Only agricultural land is immediately upstream of this huge
structure. The landward inundation limit of the 2011 GEJE corresponds to the railway embankment in Settai beyond which lies most of
the town of Settai. Controversy is associated with the height of the Kesennuma seawall mentioned in Section 3.3 (Fig. 4). In 2015,
residents and the government agreed on a crest elevation of 4.1 m. However, in 2016, the bounce-back rate of the plate that followed
the significant subsidence during the earthquake uplift was faster than expected. Hence, the residents requested a 22 cm reduction in
the crest elevation, which was agreed upon by the Miyagi prefecture in 2017. Unfortunately, the construction followed the taller
original design, angering residents [89]. In sharp contrast to the use of concrete structures, the town of Matsushima has no tsunami
defences. This is a result of being relatively unaffected by the 2011 tsunami due to the protection afforded by many small islands [90]
and the cultural and economic value of the natural scenery.

In terms of beach erosion, the natural state of the Tohoku coastline before the tsunami was mixed, with some healthy, wide beaches,
but others requiring artificial beach nourishment due to net sediment loss. The tsunami caused considerable erosion of the coastline, in
some places by several hundreds of meters inland. The sand was deposited offshore by the receding waves, at depths of 5-10 m. The

Fig. 16. (a) and (b) Recurved concrete seawall in front of the Seagull at Southbeach apartments in Patong Beach; (c) Baan Nan Khem pier; (d) severe
erosion at the toe of concrete revetment (Lat 8° 40’ 3.13" Long 98° 14’ 34.87”.
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(b)

TSUNAMI

Fig. 17. Taro seawalls: (a) plan layout of seawalls in yellow; (b) remnants of the previous Taro seawall observed during the EEFIT 2011 mission; (c)
schematic section through the two seawalls based on Zenshoren [87]; (d) view of the seawall from the western side of the harbour; (e) steps up the
offshore side of the western side; and (f) view from the leeside of the seawall.

sediment was naturally transported back to the shoreline, quite rapidly at first (10 m/month immediately following the event), then
more slowly (2-3 m/month a year later). Erosion remained a problem in locations which had previously suffered from net loss of
sediment [91].

6.1.4. Soft coastal defences

A presentation of tsunami mitigation structures would be incomplete without briefly mentioning the role of vegetation in providing
defensive capability. Mangrove plantations were seen by the field investigation teams in Palu Bay, Banda Aceh and Khao Lak, but
conversations with local partners suggested that these were not part of dedicated tsunami defences. The interested reader is
encouraged to read the associated EEFIT site investigation report which contains our mangrove observations. Furthermore, Benazir
et al. [92] provide a comprehensive review of the role of vegetation in tsunami vegetation, including many Indonesian examples.

7. Comparison of recovery and reconstruction across Indonesia, Thailand and Japan

Details of the recovery and reconstruction from each location are summarised in Table 2, using symbols to identify good practice
but also areas of concern and critical issues (ticks, exclamation and question marks, respectively). The following points summarise the
key differences between locations.
1. In Indonesia and Thailand, financial pressures for housing or economic activity have led to developments within the previous

tsunami inundation zone. It is recognised that it is hard to remove historically well-established urban areas across the inundation
zones (e.g. the IAIN in the exclusion zone), hence need for TVE structures in such places and good/regular preparedness training.
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Fig. 18. Miscellaneous coastal defences in Japan: (a) and (b) waterproof gate and seawall with viewing windows in Miyako (c¢) armour units in
Tanohata (d) gate on Settai river.

Also, in both Japan and Indonesia, elevated roads are playing a role in a multi-layered approach (although only at the planning
stage so far in Indonesia).

2. Whilst building codes for tsunamis have been developed/adopted in all countries, the Thai codes for building in tsunami zones were
issued in 2008 before other important codes were developed in the USA and Japan. Furthermore, the comprehensive codes of Japan
have not been widely conveyed/adopted. However, at least one the new Japanese codes is for dedicated tsunami defence structures
(‘Guidelines for tsunami-resistant breakwaters and parapet design’ see Fig. 5); these structures will not be appropriate for other
countries, whether for environmental or cultural reasons.

3. Detection of tsunamis by buoys is losing favour with only Thailand using them, as it is difficult to maintain a sufficient density
around a coastline. In terms of on-land warning systems, in Indonesia in particular and possibly in Thailand, there may be
insufficient warning sirens.

4. Whilst there is evidence of visitors to Japan receiving automatic warnings on their cell phones, there is no obvious advanced
communication of hazards to them, and there is possibly an expectation of them carrying phones of a particular capability. Cell
phones warnings are still not operational in Thailand, but will possibly happen in 2025.

5. Disaster preparedness education and/or training involves either an insufficient proportion of the population (Indonesia) or un-
realistic scenarios (Thailand). There is evidence of academics contributing to improvements in all locations, including appropriate
disaster education by Japanese academics in Thailand. Community-led evacuation initiatives in Thailand have shown some
effectiveness.

6. Evacuation structures elicit different responses in different locations: whilst accepted in Japan, dedicated TVE structures are not
trusted in Indonesia, leading to the identification of further potential multi-purpose buildings. More buildings are being identified
in Thailand, but here due to insufficient capacity of dedicated structures.

7. Beaches in the different locations were in a mixed state, even within regions such as Aceh province. In Palu Bay, parts of the
shoreline were lost. In Thailand, there appear to be significant erosion problems. In Japan, there are ongoing erosion problems on
some beaches, exacerbated by the tsunami. According to Masaya et al. [93] who modelled the tsunami in Phratong island, Thailand
and Sendai, Japan, the tsunami wave characteristics (relative height of the preceding wave) have a strong influence on the sediment
movement, and hence the speed of recovery by natural processes.

8. The rate of recovery varies across the locations. The contrast was particularly evident between Japan and Palu Bay. As a highly
industrialised nation, Japan’s speed of reconstruction in the first two years far outstripped that seen after four years in Palu Bay.
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Table 2
Comparisons of recovery for Banda Aceh, Palu, Thailand and Japan: tick (good practice), exclamation

mark (area of concern), question mark (area of debate).
LOCATIONS

CRITERIA Indonesia .
Banda Aceh Palu Thailand Japan

Only RC structures

1 km buffer zone. ) .
m' Y z Multi-hazard map with X .
Nominated escape X permitted in
roads inland exclusion zones. inundation zone
Development of i;ﬂand Planned multi-layered Main road ‘ Constructefi
Spatial P response with elevated comprehensive
planning and centre. road. constructed away multi-layered
from tsunami zone. approach:

hazard
zonation o o o Restrictions on

residential housing in

“Day-time” residents in inundati .
exclusion zone. inundation zone; no
X . subsequent
Inappropriate adaptation . iat
round-floor infilling) of inappropriate
Significant population (grou new housing 8) High exposure risk development;
r i ffer . : r tourists.
growth in buffer zone Newly-constructed for tourists. constructe(; elevated
roads.

Mosque near the
exclusion zone and IAIN in
the exclusion zone.

Comprehensive
design codes for

Design
Codes Design codes last range of structures.
N New design issued 2008 prior to 0
(] codes following ASCE 7-16. ASCE 7-16 and
g= Japanese codes. | Apparently low take-
up of Japanese design

codes in other
regions.

Long-established

Pre-simulated systems.
database of Pre-simulated
Pre-simulated tsunamis for rapid | database of tsunamis
database of tsunamis response. for rapid response.
for rapid response. Siren and SMS Seafloor detection
Seismic detection and tide gauges. warnings. system.
. Movement away from wave buoys. Seismic detection Outdoor sirens,
Warning . .
and still some use of mobile phone
Systems ¥
wave buoys. messages/mail,
tweets etc.
N § o ® o ®
— ~5 minutes arrival time
in 2018.
Insufficient number of . . . .
sirens ~120 minutes arrival | ~30 minutes arrival
~30 minutes arrival Mains owere(;l warnin time in 2004. time in 2011.
time in 2004. POV Varming | sufficient number of | Better advanced
- K towers ineffective in . P
Sufficient sirens? . sirens for the communication to
2018. Improvements in X .
- . extensive areas? visitors.
local decision-making
required.

Annual training

Some tralnnjg undertaken. drills, with some Continuous learning
Involvement of academic researchers e.g. TDMRC. X from drills
Education strong community- X .
e led initiatives. Considerable efforts
raining o o to communicate
. information to
Unrea]ls:tlc resident population.
evacuation Involvement of
Insufficient proportion scenarios. academic
of the population involved. Tourist populations researchers e.g.
particularly IRIDeS.
vulnerable.
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Evacuation
structures

A

Demonstrated lack of
affinity with TVE
structures, but additional
alternative structures
being identified.

IAIN TVE response
untested.

Limited numbers of
TVE structures.
Identification of

further additional
buildings to

complement the
existing TVE
structures.

Apparently, no
psychological
barriers to their use.
More provisions for
longer stays.

Coastal
defence
structures

Complicated long-term
morphological response
to tsunamis.
Signs that repairs are
required to defence

Planned combination of
mangroves, 3 m
revetment, memory
park and elevated
coastal road expected
to reduce tsunami
inundation area but

Sediment erosion in
many locations —
appropriate coastal
engineering schemes
being designed?

Defences part of
multi-layered
approach.

Rapid
reconstruction,
protecting critical
infrastructure.

Ongoing erosion at

some beaches

Environmental (CO>)
and financial cost of
dedicated tsunami
defences.

Very large tsunami
defences.

structures.

o)

slow progress.

No dedicated tsunami defences

Japan clearly needed to address the vulnerability of their nuclear power facilities and also the international airport. However, their
ability to deploy considerable resource in a short period of time was still impressive.

9. The issue of dedicated tsunami defence structures is a complex one. Whilst protection for a vulnerable community might be possible
with very large concrete/steel structures, the economic and environmental cost of the ones constructed in Japan means that they
are impossible, or perhaps even undesirable, for communities in Indonesia and Thailand. Furthermore, basic maintenance and good
planning of more generic coastal and hydraulic defence structures should not be ignored.

Conclusions and recommendations

This paper has presented aspects of recovery from devastating tsunamis in four different locations: Banda Aceh, Sumatra (2004);
Palu Bay, Central Sulawesi (2018); Southern Thailand (2004) and the Sanriku coastline of Japan [90]. Snapshots of the recoveries were
obtained from short-duration visits to the first three locations, with local partners, and insight from Japan came from a local academic.
Different periods of time have elapsed between locations, but preliminary comparisons of recovery have been made.

Indonesia suffers from a wide variety of natural hazards which occur on a reasonably regular timescale. The original preparedness
of Palu seems to have been informed by the IOT (which was not without its problems), but its subsequent recovery shows some in-
fluence from Japan with the planned multi-layered defences. The economic situation of Indonesia is likely to impose serious re-
strictions on implementing any significant engineering solutions, e.g. dedicated defence or evacuation structures, in addition to the
maintenance of those already constructed. However, non-structural, i.e. behavioural, changes could be implemented without great
economic cost. If these are home-grown, there is a much greater chance of them being sustainable in the long term. In Southern
Thailand, whose recovery can be compared most directly to Banda Aceh, the region shows signs of considerable development for the
tourist industry despite the loss of life amongst that very population. Japan is known to be amongst the world’s best prepared countries
for natural hazards and has largely taken the route of heavily engineering defences. This has been complemented by significant
training of communities at risk.

Focusing on the key criteria considered, there are several recommendations arising from this study. Pressures to build on land in
previous tsunami inundation zones are very real and seem to come from income-generation drivers. However, authorities need to
balance the requirement for economic activity with the need to keep their populations safe, reminding communities of their
vulnerability. Tsunami resistant building code developments in the US have informed codes in Indonesia and Thailand, but very little
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of the respective comprehensive Japanese codes seem to have been adopted internationally. Barriers to more widespread use of the
Japanese codes need to be overcome so that the international community can benefit from the work done. We have highlighted
whether Thailand’s tsunami codes may need refining in the light of code revisions including ASCE 7-16 and the Japanese codes.
However, given the rather low frequency of tsunamis in Thailand, there may be insufficient motivation to do so. Warning sirens are
ubiquitous in the regions surveyed, but more need to be installed in Indonesia, and they need to remain operational when the mains
power supply is interrupted, as this often happens when strong earthquake shaking occurs. Tsunamis from all generation mechanisms
must be considered in the different scenarios, including submarine landslide generation, which can result in a very fast tsunami arrival.
Whilst there are disaster-preparedness programmes in all locations, more consideration needs to be given to visitors. Also, authorities
in Indonesia, particularly in Banda Aceh given the elapsed time since the IOT, need to make sure that new residents are aware of the
risks. Sufficient and culturally acceptable evacuation structures are essential as part of the response to the tsunami threat. They should
preferably be within walking distance, considering the time available before the tsunami’s arrival in each location and the time
evacuees might have to spend in the structures following a tsunami. Planned multi-layer defences need to become a reality.
Consideration needs to be given to the health of beaches in areas susceptible to tsunami risk, with appropriate coastal engineering
schemes being deployed. These may include beach renourishment in some locations, but the long-term sustainability may be too
expensive. There needs to be some conversation about the role of very large concrete defences where they can be afforded, particularly
in the era of commitments to net zero carbon emissions. The use of more green and economically viable approaches, such as more
extensive mangroves and evacuation hills, could possibly be considered in Banda Aceh, Palu and Khao Lak where there is available
land.

CRediT authorship contribution statement

Alison Raby: Writing — original draft, Visualization, Investigation, Conceptualization. Antonios Pomonis: Writing — original draft,
Methodology, Investigation, Conceptualization. Anawat Suppasri: Writing — original draft, Investigation. Keith Adams: Writing —
original draft, Investigation. Nurullah Ac¢ikgo6z: Writing — original draft, Investigation. Marco Baiguera: Writing — review & editing,
Writing — original draft, Software, Investigation. Yunita Idris: Writing — original draft, Investigation. Panon Latcharote: Writing —
original draft, Software, Investigation. Francesca Marafini: Writing — review & editing, Writing — original draft, Visualization, Re-
sources, Investigation. David McGovern: Writing — original draft, Investigation. Ella Meilianda: Writing — original draft, Project
administration, Investigation, Conceptualization. Harsh Mistry: Writing — original draft, Visualization, Investigation. Sukiman
Nurdin: Writing — review & editing, Investigation. Eyitayo Opabola: Writing — original draft, Investigation. Teraphan Orn-
thammarath: Writing — original draft, Investigation. Nattapon Trumikaborworn: Writing — review & editing, Software, Investi-
gation. Tiziana Rossetto: Conceptualization, Funding acquisition, Supervision.

Funding

This work was supported by the UK EPSRC Learning from Earthquakes project [grant number EP/P025951/1], the EU RESET
project [grant ID 730888] and the National Research Council of Thailand for the first author’s attendance at the 2nd Thailand
Symposium on Earthquake Research in 2024.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments
We would like to acknowledge the very helpful suggestions made by the reviewers of the submitted manuscript.
Data availability

Data will be made available on request.

References

[1] A. Suppasri, K. Goto, A. Muhari, P. Ranasinghe, M. Riyaz, M. Affan, E. Mas, M. Yasuda, F. Imamura, A decade after the 2004 Indian Ocean Tsunami: the progress
in disaster preparedness and future challenges in Indonesia, Sri Lanka, Thailand and the Maldives, Pure Appl. Geophys. 172 (2015) 3313-3341.

[2] E. Maly, M. Vahanvati, T. Sararit, People-centered disaster recovery: a comparison of long-term outcomes of housing reconstruction in Thailand, India, and
Japan, Int. J. Disaster Risk Reduc. 81 (2022) 103234.

[3] M. Baiguera, E. Ademola, et al., Challenges Facing Resilient Post-Disaster Recovery in Low- and Lower-Middle Income Communities: An Indonesian Perspective
(2024) (In preparation).

[4] S. Stein, E.A. Okal, Speed and size of the Sumatra earthquake, Nature 434 (2005) 581-582.

[5] A.Pomonis, T. Rossetto, N. Peiris, S. Wilkinson, D. Del Re, R. Koo, R. Manlapig, S. Gallogher, The Indian Ocean Tsunami of 26 December 2004: mission findings
in Sri Lanka and Thailand. A field report by EEFIT, in: Institution of Structural Engineers, 2006, 11 Upper Belgrave Street, London SW1X 8BH.

24


http://refhub.elsevier.com/S2212-4209(24)00900-2/sref1
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref1
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref2
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref2
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref3
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref3
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref4
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref5
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref5

A. Raby et al. International Journal of Disaster Risk Reduction 117 (2025) 105138

[6]
[71
[8]
[91
[10]
[11]

[12]
[13]

[14]

[15]

[16]

[17]

[18]
[19]

[20]
[21]
[22]
[23]

[24]
[25]

[26]
[27]
[28]

[29]
[30]

[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]

[43]

[44]

[45]
[46]

J. Telford, J. Cosgrave, R. Houghton, Joint Evaluation of the International Response to the Indian Ocean Tsunami: Synthesis Report, Tsunami Evaluation
Coalition, London, 2006.

A. Suppasri, L. Maly, M. Kitamura, Syamsidik, G. Pescaroli, D. Alexander, F. Imamura, Cascading disasters triggered by tsunami hazards: a perspective for
critical infrastructure resilience and disaster risk reduction, Int. J. Disaster Risk Reduc. 66 (2021) 102597.

FDMO, Press release no. 162 on the 2011 Tohoku earthquake by Japan’s Fire and Disaster Management Agency (2021). https://web.archive.org/web/
20220827123449/. https://www.fdma.go.jp/disaster/higashinihon/items/162.pdf.

A. Suppasri, E. Mas, I. Charvet, R. Gunasekera, K. Imai, Y. Fukutani, Y. Abe, Imamura, Building damage characteristics based on surveyed data and fragility
curves of the 2011 Great East Japan tsunami, Nat. Hazards 66 (2013) 319-341.

N. Mori, T. Takahashi, THE 2011 TOHOKU EARTHQUAKE TSUNAMI JOINT SURVEY GROUP, Nationwide post event survey and analysis of the 2011 Tohoku
earthquake tsunami, Coast Eng. J. 54 (1) (2012) 1250001.

World Nuclear Association, Fukushima Daiichi Accident (2023). Available at: https://world-nuclear.org/information-library/safety-and-security/safety-of-
plants/fukushima-daiichi-accident.aspx. (Accessed 16 November 2024).

Y. Kajitani, S.E. Chang, H. Tatano, Economic impacts of the 2011 Tohoku-oki earthquake and tsunami, Earthq. Spectra 29 (1_suppl) (2013) 457-478.

A. Jaya, O. Nishikawa, S. Jumadil, Distribution and morphology of the surface ruptures of the 2018 Donggala—Palu earthquake, central Sulawesi, Indonesia,
Earth, Planet and Space 71 (2019) 144.

UNDRR and UNESCO-IOC, Limitations and challenges of early warning systems: a case study of the 2018 Palu-Donggala tsunami. United nations office for
disaster risk reduction (UNDRR), regional office for Asia and the Pacific, and the intergovernmental oceanographic commission of united nations educational,
scientific and cultural organization, IOC Technical Series N° 150 (2019).

S. Rahman, M.B.Z. Hutagalung, Medical emergency and public health response in disaster settings: a case series of pidie jaya, lombok and Palu earthquakes,
Budapest International Research in Exact Sciences (BirEx) Journal 2 (2) (2020).

T. Rossetto, A. Raby, A. Brennan, R. Lagesse, D. Robinson, R. Adhikari, M. Rezki-Hr, E. Meilianda, Y. Idris, I. Rusydy, I.D. Kumala, The central Sulawesi,
Indonesia earthquake and tsunami of 28th September 2018, A Field Report By EEFIT-TDMRC, Institution of Structural Engineers, 11 Upper Belgrave Street,
London SW1X 8BH (2019).

NOAA, NCEI/WDS Global Historical Tsunami Database (2024), 2100 BC to Present Available at: https://data.noaa.gov/metaview/page?xml=NOAA/NESDIS/
NGDC/MGG/Hazards/iso/xml/G02151.xml&view=getDataView. (Accessed 6 March 2024).

E. Pelinovsky, D. Yuliadi, G. Prasetya, R. Hidayat, The 1996 Sulawesi tsunami, Nat. Hazards 16 (1997) 29-38.

H. Yi, J. Yang, Research trends of post disaster reconstruction: the past and the future, Habitat Int. 42 (2014) 21-29, https://doi.org/10.1016/j.
habitatint.2013.10.005. Apr. 2014.

E. Zea Escamilla, G. Habert, Global or local construction materials for post-disaster reconstruction? Sustainability assessment of 20 post-disaster shelter designs,
Data Brief 4 (2015) 308-314, https://doi.org/10.1016/].dib.2015.05.027. Sep. 2015.

F.Z.Ismail, A. Halog, C. Smith, How sustainable is disaster resilience?: an overview of sustainable construction approach in post-disaster housing reconstruction,
IJDRBE 8 (5) (2017) 555-572, https://doi.org/10.1108/1JDRBE-07-2016-0028. Nov. 2017.

S. Shen, Resilience and sustainability: engineering solutions in disaster-affected real estate markets, Sustain. Dev. 32 (6) (2024) 6748-6762, https://doi.org/
10.1002/5d.2960.

A. Nubli Gadeng, Nandi, M. Hafizul Furqan, The development of settlement in the tsunami red zone area of Banda Aceh city, KnE Social Sciences 3 (21) (2019)
1-13, https://doi.org/10.18502/kss.v3i21.4954.

BAPPEDA (n.d.a) Spatial plans (in Indonesian). Available at: https://bappeda.bandaacehkota.go.id/galeri/rtrw/(Accessed 10 January 2024).

Nugraha (n.d.) Mengenal Tentang Likuifaksi: Perspektif Geologi. BDTBT ESDM Webinar. Available at: https://bdtbt.esdm.go.id/wp-content/uploads/2020/09/
ShareNugraha_PresentasiBDTBT-ESDM_110920.pdf (Accessed 10 January 2024).

Asian Development Bank, Initial Environmental Examination: Emergency Assistance for Rehabilitation and Reconstruction Palu Coastal Protection (2019).
Available at: https://www.adb.org/sites/default/files/project-documents/52316,/52316-001-iee-en.pdf. (Accessed 10 January 2024).

I. Amri, R.R. Alami, A. Serlia, Population distribution analysis in Banda Aceh City for tsunami disaster risk reduction, 3 International Conference on Disaster
Management, IOP Conf. Series: Earth and Environmental Science (2023), https://doi.org/10.1088/1755-1315/1173/1/012052.

Syamsidik, A. Suppasri, M. Al’ala, M. Luthfi, L.K. Comfort, Assessing the tsunami mitigation effectiveness of the planned Banda Aceh outer ring road (BORR),
Indonesia, Nat. Hazards Earth Syst. Sci. 19 (2019) 299-312, https://doi.org/10.5194/nhess-19-299-2019, 2019.

Y. Idris, Conversation with the authorities in PUPR Aceh Province (2024), 04 December.

BNPB, Kajian Risiko Bencana Kota Palu Sulawesi Tengah 2016 — 2020 (2015) inarisk.bnpb.go.id/pdf/SULAWESI%20TENGAH/Dokumen%20KRB%20KOTA%
20PALU final%20draft.pdf. (Accessed 17 February 2024).

Kompas, Government Reviews Palu City’s Disaster Vulnerability (2020) [in Indonesian]. Available at: https://www.kompas.id/baca/nusantara/2020/01/30/
pemerintah-harus-kaji-ulang-kerentanan-akan-bencana-kota-palu. (Accessed 11 March 2024).

ASA, Announcement of city planning in the tsunami area (2005) (in Thai) Available at: https://asa.or.th/laws/news20050603-2. (Accessed 31 January 2024).
Thai Meteorological Department, National Database Project for Earthquake and Tsunami Disaster Prevention and Mitigation (2008).

P. Warnitchai, Tsunami hazard evaluation in Thailand and tsunami evacuation simulation for identifying effective disaster risk reduction measures (2018).
Available at: https://elibrary.tsri.or.th/project_content.asp?PJID=RDG6130018. (Accessed 21 January 2024).

S. Koshimura, N. Shuto, Response to the 2011 Great East Japnan earthquake and tsunami disaster, Phil. Trans. R. Soc. A. 373 (2015) 20140373, https://doi.org/
10.1098/rsta.2014.0373.

Sendai City (n.d.a) Multiple defenses against tsunami. Available online: https://sendai-resilience.jp/en/efforts/practice/practice_06.html (Accessed 12 October
2023).

K. Pakoksung, A. Suppasri, F. Imamura, Systematic evaluation of different infrastructure systems for tsunami defense in Sendai city, Geosciences 8 (2018) 173,
https://doi.org/10.3390/geosciences8050173.

Sendai City (n.d.e) Multiple defences against tsunami [online]. Available at: https://sendai-resilience.jp/en/efforts/practice/practice_06.html. (Accessed 20
December 2023).

K. Sato, Seawall maintenance project in collaboration with town development - Efforts to restore and preserve sandy beaches on the Otani coast (2022) (In
Japanese) Available online: http://www.thr.mlit.go.jp/Bumon/B00097/K00360/happyoukai/R4/list5/5-4.pdf. (Accessed 12 October 2023).

Japan Government (In Japanese) Available online: https://www.reconstruction.go.jp/topics/main-cat1/sub-cat1-15/180130natorishi_saisei.pdf (accessed 12
October 2023).

A. Raby, J. Macabuag, A. Pomonis, S. Wilkinson, T. Rossetto, Implications of the 2011 Great East Japan tsunami on sea defence design, Int. J. Disaster Risk
Reduc. 14 (4) (2015) 332-346.

J. Macabuag, A. Raby, A. Pomonis, I. Nistor, T. Rossetto, S. Wilkinson, Tsunami design procedures for engineered buildings: a critical review, in: Proceedings of
the Institution of Civil Engineers - Civil Engineering, 2018, https://doi.org/10.1680/jcien.17.00043.

Y. Nakano, Structural design requirements for tsunami evacuation buildings in Japan, in: Proceedings of the First ACI & JCI Joint Seminar: Design of Concrete
Structures against Earthquake and Tsunami Damage Proceedings of the First ACI & JCI Joint Seminar: Design of Concrete Structures against Earthquake and
Tsunami Damage, 2012, https://doi.org/10.14359/51689683.

P. Latcharote, A. Suppasri, A. Yamashita, B. Adriano, S. Koshimura, Y. Kai, F. Imamura, Possible failure mechanism of buildings overturned during the 2011
Great East Japan tsunami in the town of Onagawa, Front. Built Environ. 3 (2017) 16, https://doi.org/10.3389/fbuil.2017.00016.

BMKG. Tsunami Early Warning Service Guidebook for INATEWS, Badan Meterologi Klimatologi & Geofisika (BMKG) Office, 2012.

J. Lauterjung, H. Letz (Eds.), 10 Years Indonesian Tsunami Early Warning System: Experiences, Lessons Learned and Outlook, GFZ German Research Centre for
Geosciences, Potsdam, 2017, p. 68, https://doi.org/10.2312/GFZ.7.1.2017.001.

25


http://refhub.elsevier.com/S2212-4209(24)00900-2/sref6
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref6
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref7
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref7
https://web.archive.org/web/20220827123449/
https://web.archive.org/web/20220827123449/
https://www.fdma.go.jp/disaster/higashinihon/items/162.pdf
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref9
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref9
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref87
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref87
https://world-nuclear.org/information-library/safety-and-security/safety-of-plants/fukushima-daiichi-accident.aspx
https://world-nuclear.org/information-library/safety-and-security/safety-of-plants/fukushima-daiichi-accident.aspx
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref11
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref12
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref12
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref13
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref13
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref13
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref14
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref14
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref15
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref15
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref15
https://data.noaa.gov/metaview/page?xml=NOAA/NESDIS/NGDC/MGG/Hazards/iso/xml/G02151.xml&amp;view=getDataView
https://data.noaa.gov/metaview/page?xml=NOAA/NESDIS/NGDC/MGG/Hazards/iso/xml/G02151.xml&amp;view=getDataView
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref17
https://doi.org/10.1016/j.habitatint.2013.10.005
https://doi.org/10.1016/j.habitatint.2013.10.005
https://doi.org/10.1016/j.dib.2015.05.027
https://doi.org/10.1108/IJDRBE-07-2016-0028
https://doi.org/10.1002/sd.2960
https://doi.org/10.1002/sd.2960
https://doi.org/10.18502/kss.v3i21.4954
https://bappeda.bandaacehkota.go.id/galeri/rtrw/
https://bdtbt.esdm.go.id/wp-content/uploads/2020/09/ShareNugraha_PresentasiBDTBT-ESDM_110920.pdf
https://bdtbt.esdm.go.id/wp-content/uploads/2020/09/ShareNugraha_PresentasiBDTBT-ESDM_110920.pdf
https://www.adb.org/sites/default/files/project-documents/52316/52316-001-iee-en.pdf
https://doi.org/10.1088/1755-1315/1173/1/012052
https://doi.org/10.5194/nhess-19-299-2019
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref25
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref26
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref26
https://www.kompas.id/baca/nusantara/2020/01/30/pemerintah-harus-kaji-ulang-kerentanan-akan-bencana-kota-palu
https://www.kompas.id/baca/nusantara/2020/01/30/pemerintah-harus-kaji-ulang-kerentanan-akan-bencana-kota-palu
https://asa.or.th/laws/news20050603-2
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref29
https://elibrary.tsri.or.th/project_content.asp?PJID=RDG6130018
https://doi.org/10.1098/rsta.2014.0373
https://doi.org/10.1098/rsta.2014.0373
https://sendai-resilience.jp/en/efforts/practice/practice_06.html
https://doi.org/10.3390/geosciences8050173
https://sendai-resilience.jp/en/efforts/practice/practice_06.html
http://www.thr.mlit.go.jp/Bumon/B00097/K00360/happyoukai/R4/list5/5-4.pdf
https://www.reconstruction.go.jp/topics/main-cat1/sub-cat1-15/180130natorishi_saisei.pdf
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref33
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref33
https://doi.org/10.1680/jcien.17.00043
https://doi.org/10.14359/51689683
https://doi.org/10.3389/fbuil.2017.00016
http://refhub.elsevier.com/S2212-4209(24)00900-2/optqjaK0vWKlp
https://doi.org/10.2312/GFZ.7.1.2017.001

A. Raby et al. International Journal of Disaster Risk Reduction 117 (2025) 105138

[47]

[48]

[49]
[50]
[51]

[52]
[53]

[54]

[55]
[56]

[57]
[58]
[59]
[60]
[61]
[62]
[63]

[64]
[65]

[66]
[67]

[68]

[69]
[70]
[71]
[72]
[73]
[74]
[75]
[76]
[77]
[78]
[79]

[80]
[81]

[82]
[83]

[84]

[85]

[86]

J. Behrens, A. Androsov, A.Y. Babeyko, S. Harig, F. Klaschka, L. Mentrup, A new multi-sensor approach to simulation assisted tsunami early warning, Nat.
Hazards Earth Syst. Sci. 10 (2010) 1085-1100, https://doi.org/10.5194/nhess-10-1085-2010.

GITEWS, EVALUASI SISTEM PERINGATAN DINI TSUNAMI PADA KEJADIAN GEMPABUMI & TSUNAMI ACEH 11 APRIL 2012 (2012) (in Indonesian) Available
at: https://www.gitews.de/tsunami-kit/id/E4/sumber_lainnya/studi_kasus/Evaluasi%20Sistem%20Peringatan%20Dini%20Tsunami%20pada%20Kejadian%
20Gempabumi%20&%20Tsunami%20Aceh%2011%20April%202012.pdf. (Accessed 30 November 2024).

Jakarta Post, Are we ready for the next disaster? (2012). Available at: https://www.thejakartapost.com/news/2012/05/10/are-we-ready-next-disaster.html.
(Accessed 20 December 2024).

Daryono, Peringatan Dini tsunami Tidak Gagal, Opinion Article in the Kompas newspaper on 13 October 2018 (2018). https://www.kompas.id/baca/opini/
2018/10/13/peringatan-dini-tsunami-tidak-gagal.

Medcom, Palu Tsunami Silent Sensor (2018). Available at: www.medcom.id/telusur/medcom-files/5b2gMwnN-sensor-bisu-tsunami-palu. (Accessed 5
December 2024).

NDWC. Tsunami Buoy, 2024 (in Thai). Available at: https://ndwec.disaster.go.th/ndwec/cms/7088?id=44532 (Accessed 31 January 2024).

Bangkok Post, Two tsunami-detection buoys off Phuket being replaced (2022) [online] Available at: https://www.bangkokpost.com/thailand/general/
2438534/two-tsunami-detection-buoys-off-phuket-being-replaced. (Accessed 20 December 2023).

NDWC, Standard Operating Procedure: SOP for The Tsunami Alert for Andaman Coast (2020) (in Thai). Available at: https://ndwec.disaster.go.th/ndwc/cms/
inner 2745?id=40935. (Accessed 17 February 2024).

NDWC. Warning Towers, 2024 (in Thai). Available at: https://ndwe.disaster.go.th/ndwe/cms/7088?1d=26680 (Accessed 31 January 2024).

O. Kamigaichi, K. Uhira, Y. Hasegawa, A. Wakayama, Y. Nishimae, Y. Igarashi, K. Hirano, K. Nakata, Recent Progress of Tsunami Forecast System of JMA,
American Geophysical Union, Fall Meeting 2007 (2007) abstract id. S44A-03, https://ui.adsabs.harvard.edu/abs/2007AGUFM.S44A..03K/abstract.

JMA, Improvement of tsunami forecast database (2007) (in Japanese) Available at: https://www.data.jma.go.jp/eqev/data/tsunami/newmethod.html#DB.
(Accessed 31 January 2024).

JMA, Improving the tsunami forecast database (2018) (in Japanese) Available at: https://www.jma.go.jp/jma/press/1807/17a/tsunamidatabase180717.pdf.
(Accessed 31 January 2024).

A. Suppasri, N. Leelawat, P. Latcharote, V. Roeber, K. Yamashita, A. Hayashi, H. Ohira, K. Fukui, A. Hisamatsu, D. Nguyen, H. Imamura, The 2016 Fukushima
earthquake and tsunami: local tsunami behavior and recommendations for tsunami disaster risk reduction, Int. J. Disaster Risk Reduc. 21 (2017) 323-330.
LE. Mulia, K. Satake, Developments of tsunami observing systems in Japan, Front. Earth Sci. 8 (2020) 145.

M. Mochizuki, K. Uehira, T. Kanazawa, T. Shimbo, K. Shiomi, T. Kunugi, S. Aoi, T. Matsumoto, S. Sekiguchi, N. Takahashi, T. Nakamura, N. Yamamoto,

M. Shinohara, T. Yamada, Seafloor observation network for earthquakes and tsunamis along the Japan trench (S-net) - current status of the S-net construction,
in: JpGU-AGU Joint Meeting 2017, 2017.

JMA, Tsunami Warning/Advisory and Tsunami Information (2023). https://www.data.jma.go.jp/eqev/data/en/guide/tsunamiinfo.html.

Japan Meteorological Agency (n.d.) Flow of issuance of information about tsunami and earthquake [online] Available at: https://www.data.jma.go.jp/eqev/
data/en/guide/info.html (Accessed 20 December 2023).].

BBC News, I grabbed the sea wall to stay upright (2024). Available at: https://www.bbc.co.uk/news/live/world-asia-67856144. (Accessed 16 January 2024).
Sendai City (n.d.b) Evacuation from tsunamis [online] Available at: https://sendai-resilience.jp/en/efforts/practice/practice_01.html (Accessed 18 December
2023).

Sendai City (n.d.c) Tsunami evacuation guide [online] Available at: https://www.city.sendai.jp/hinan/kurashi/anzen/saigaitaisaku/jishintsunami/documents/
tsunamievacuationguide.pdf (Accessed 18 December 2023).

SPAB, Disaster Resilient Education. National Secretariat for Disaster-Safe Education Unit (2019). Available at: spab.kemdikbud.go.id/wp-content/uploads/
2022/07 /FINAL Buku_SPAB Versi-2_English 2JAN_.pdf. (Accessed 17 February 2024).

A. Sakurai, M.B.F. Bisri, T. Oda, R.S. Oktari, Y. Murayama, Assessing school disaster preparedness by applying a comprehensive school safety framework: a case
of elementary schools in Banda Aceh City IOP Conf, Series: Earth and Environmental Science 56 (2017) (2017) 012021, https://doi.org/10.1088/1755-1315/
56/1/012021.

Syamsidik, R.S. Oktari, A. Nugroho, M. Fahmi, A. Suppasri, K. Munadi, R. Amra, Fifteen years of the 2004 Indian Ocean Tsunami in Aceh-Indonesia: mitigation,
preparedness and challenges for a long-term disaster recovery process, Int. J. Disaster Risk Reduc. 54 (2021) 102052.

BNPB, Pedoman Simulasi Kesiapsiagaan Menghadapi Tsunami (Tsunami Preparedness Simulation Guidelines) (2014) 105. https://perpustakaan.bnpb.go.id/
bulian/index.php?p=fstream-pdf&fid=273&bid=1908. (Accessed 24 February 2024).

T. Ornthammarath, A. Raby, P. Latharote, W. Mortimer, 2004 post tsunami reconnaissance in Southern Thailand: the resilience and impact after 15 years,
Maritime Technology and Engineering 5 1 (2021). CRC Press.

N. Trumikaborworn, P. Warnitchai, E. Mas, A. Suppasri, An agent-based simulation of tsunami evacuation for disaster management: a case study of Khao Lak,
Thailand, in: 16th International Symposium on New Technologies for Urban Safety of Mega Cities in Asia (USMCA2017), Sendai, Japan, 2017.

A. Suppasri, Y. Abe, M. Yasuda, Y. Fukutani, F. Imamura, Tsunami Signs, Memorials and Evacuation Drills in Miyagi Prefecture after the 2011 Tohoku
Earthquake Tsunami, Handbook of Coastal Disaster Mitigation for Engineers and Planners, 2015, pp. 599-614. Chapter 28.

C. Chen, A. Mostafizi, H. Wang, D. Cox, L. Cramer, Evacuation behaviors in tsunami drills, Nat. Hazards 112 (1) (2022) 845-871, https://doi.org/10.1007/
s11069-022-05208-y.

F. Makinoshima, F. Imamura, Y. Oishi, Tsunami evacuation processes based on human behaviour in past earthquakes and tsunamis: a literature review, Progress
in Disaster Science 7 (2020) 100113, https://doi.org/10.1016/j.pdisas.2020.100113. Oct. 2020.

T. Arakawa, F. Obayashi, K. Kobayashi, T. Itamiya, S. Uno, S. Yamabe, T. Suzuki, New tsunami evacuation training methods: a tsunami evacuation training
application, Geosciences 14 (4) (2024) 110, https://doi.org/10.3390/geosciences14040110. Apr. 2024.

Bappeda (n.d.b) Map of tsunami evacuation route for Banda Aceh City (in Indonesian). Available at: https://uptbgis.bandaacehkota.go.id/katalog/media/
images/1357/PETA_JALUR_EVAKUASI Bencana_Tsunami Kota Banda_Aceh.jpg (Accessed 17 February 2024).

Irwin, R.D. Kurniasih, Tsunami disaster evacuation route management in Palu city using ArcCasper (extension ArcGIS 10), in: Presented to the Disaster
Management Class at the Annual Scientific Meeting of the Indonesian Remote Sensing Expert Society, Universitas Hasanuddin, 2012.

DDPM Phuket, Tsunami response plan Phuket Province 2023 (2023) (in Thai) Available at: https://pkt.disaster.go.th/pkt/cms/inner 2910?id=99228.
(Accessed 31 January 2024).

Sendai City (n.d.d) Evacuation centres [online] Available at: https://sendai-resilience.jp/en/efforts/practice/practice_05.html (Accessed 18 December 2023).
A. Suppasri, M. Kitamura, D. Alexander, S. Shuji, F. Imamura, The 2024 Noto peninsula earthquake: preliminary observations and lessons to be learned, Int. J.
Disaster Risk Reduc. (2024) (in review).

E. Meilianda, S. Mauluddin, B. Pradhan, S. Sugianto, Decadal shoreline changes and effectiveness of coastal protection measures post- tsunami 26 December
2004, Applied Geomatics 15 (2023) 743-758.

MPWH, Emergency assistance for rehabilitation and reconstruction - Palu coastal protection, Initial Environmental Examination. Ministry of Public Works and
Housing report for the Asian Development Bank (2019) 105. November 2019.

Asian Development Bank, Republic of Indonesia: Emergency Assistance for Rehabilitation and Reconstruction (Component1:Public Works In Infrastructure)
Environmental Safeguard Monitoring Report (2021). Available at: https://www.adb.org/sites/default/files/project-documents/52316/52316-001-emr-en.pdf.
(Accessed 23 January 2024).

M.R. Purnama, M.B. Mohammad Bagus Adityawan, M. Farid, A. Chrysanti, Effectiveness of an Elevated Road in Reducing Inundation Area of the Coast of Palu,
Sulawesi, Indonesia, J. Disaster Res. 17 (7) (2022).

A. Pomonis, Mr Antonios Pomonis, J. Macabuag, C. Molina Hutt, D. Alexander, A. Andonov, C. Crawford, S. Platt, A. Raby, E.K.M. So, Ming Tan, J. Faure
Walker, K. Yiu, EEFIT Mission Report: Recovery two years after the 2011 Tohoku Earthquake and Tsunami (2013). Available at: https://www.istructe.org/
resources/report/eefit-mission-recovery-great-east-japan-earthquake/. (Accessed 6 December 2024).

26


https://doi.org/10.5194/nhess-10-1085-2010
https://www.gitews.de/tsunami-kit/id/E4/sumber_lainnya/studi_kasus/Evaluasi%20Sistem%20Peringatan%20Dini%20Tsunami%20pada%20Kejadian%20Gempabumi%20%26%20Tsunami%20Aceh%2011%20April%202012.pdf
https://www.gitews.de/tsunami-kit/id/E4/sumber_lainnya/studi_kasus/Evaluasi%20Sistem%20Peringatan%20Dini%20Tsunami%20pada%20Kejadian%20Gempabumi%20%26%20Tsunami%20Aceh%2011%20April%202012.pdf
https://www.thejakartapost.com/news/2012/05/10/are-we-ready-next-disaster.html
https://www.kompas.id/baca/opini/2018/10/13/peringatan-dini-tsunami-tidak-gagal
https://www.kompas.id/baca/opini/2018/10/13/peringatan-dini-tsunami-tidak-gagal
http://www.medcom.id/telusur/medcom-files/5b2qMwnN-sensor-bisu-tsunami-palu
https://ndwc.disaster.go.th/ndwc/cms/7088?id=44532
https://www.bangkokpost.com/thailand/general/2438534/two-tsunami-detection-buoys-off-phuket-being-replaced
https://www.bangkokpost.com/thailand/general/2438534/two-tsunami-detection-buoys-off-phuket-being-replaced
https://ndwc.disaster.go.th/ndwc/cms/inner_2745?id=40935
https://ndwc.disaster.go.th/ndwc/cms/inner_2745?id=40935
https://ndwc.disaster.go.th/ndwc/cms/7088?id=26680
https://ui.adsabs.harvard.edu/abs/2007AGUFM.S44A..03K/abstract
https://www.data.jma.go.jp/eqev/data/tsunami/newmethod.html#DB
https://www.jma.go.jp/jma/press/1807/17a/tsunamidatabase180717.pdf
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref48
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref48
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref49
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref50
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref50
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref50
https://www.data.jma.go.jp/eqev/data/en/guide/tsunamiinfo.html
https://www.data.jma.go.jp/eqev/data/en/guide/info.html
https://www.data.jma.go.jp/eqev/data/en/guide/info.html
https://www.bbc.co.uk/news/live/world-asia-67856144
https://sendai-resilience.jp/en/efforts/practice/practice_01.html
https://www.city.sendai.jp/hinan/kurashi/anzen/saigaitaisaku/jishintsunami/documents/tsunamievacuationguide.pdf
https://www.city.sendai.jp/hinan/kurashi/anzen/saigaitaisaku/jishintsunami/documents/tsunamievacuationguide.pdf
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref52
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref52
https://doi.org/10.1088/1755-1315/56/1/012021
https://doi.org/10.1088/1755-1315/56/1/012021
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref54
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref54
https://perpustakaan.bnpb.go.id/bulian/index.php?p=fstream-pdf&amp;fid=273&amp;bid=1908
https://perpustakaan.bnpb.go.id/bulian/index.php?p=fstream-pdf&amp;fid=273&amp;bid=1908
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref56
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref56
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref57
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref57
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref58
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref58
https://doi.org/10.1007/s11069-022-05208-y
https://doi.org/10.1007/s11069-022-05208-y
https://doi.org/10.1016/j.pdisas.2020.100113
https://doi.org/10.3390/geosciences14040110
https://uptbgis.bandaacehkota.go.id/katalog/media/images/1357/PETA_JALUR_EVAKUASI_Bencana_Tsunami_Kota_Banda_Aceh.jpg
https://uptbgis.bandaacehkota.go.id/katalog/media/images/1357/PETA_JALUR_EVAKUASI_Bencana_Tsunami_Kota_Banda_Aceh.jpg
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref62
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref62
https://pkt.disaster.go.th/pkt/cms/inner_2910?id=99228
https://sendai-resilience.jp/en/efforts/practice/practice_05.html
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref64
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref64
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref65
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref65
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref66
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref66
https://www.adb.org/sites/default/files/project-documents/52316/52316-001-emr-en.pdf
http://refhub.elsevier.com/S2212-4209(24)00900-2/optYZWMOkP4bx
http://refhub.elsevier.com/S2212-4209(24)00900-2/optYZWMOkP4bx
https://www.istructe.org/resources/report/eefit-mission-recovery-great-east-japan-earthquake/
https://www.istructe.org/resources/report/eefit-mission-recovery-great-east-japan-earthquake/

A. Raby et al.

[87]

[88]
[89]

[90]

[91]
[92]

[93]

International Journal of Disaster Risk Reduction 117 (2025) 105138

Zenshoren, 10th Anniversary of the Great East Japan Earthquake] Reconstruction projects in Taro District, Miyako City, Iwate Prefecture have ended, but can
the town’s charm be regained? (Japanese) (2021). Available at: https://www.zenshoren.or.jp/2021/03/08/post-8477. (Accessed 24 January 2024).

M. Yamada, S. Fujino, K. Goto, Deposition of sediments of diverse sizes by the 2011 Tohoku-oki tsunami at Miyako City, Japan, Mar. Geol. 358 (2014) 67-78.
XTECH, The sea wall was built too high due to a construction error, and will be rebuilt at a cost of hundreds of millions of yen? (2018). Available at: https://
xtech.nikkei.com/atcl/nxt/column/18/00142/00106/. (Accessed 6 March 2024).

Japan Times, Tsunami spared Matsushima but swept away bay’s tourists (2011). Available online: https://www.japantimes.co.jp/news/2011/08/17 /national/
tsunami-spared-matsushima-but-swept-away-bays-tourists/. (Accessed 12 October 2023).

K. Udo, 51 Approaches to Disaster Science: Lessons from the Great East Japan Earthquake Chapter 6: Coastal Science, IRIDeS, Tohoku University, 2022.
Benazir, R. Triatmadja, Nizam Syamsidik, Warniyati, Vegetation-based approached for tsunami risk reduction: insights and challenges, Progress in Disaster
Science 23 (2024) 100352, https://doi.org/10.1016/j.pdisas.2024.100352.

R. Masaya, K. Yamashita, A. Suppasri, F. Imamura, Numerical analysis of the relationship between tsunami characteristics and tsunami deposit source — the
Indian Ocean and the 2011 Tohoku Tsunami, Transactions of the Society of Civil Engineers B2 (Coastal Engineering) 76 (2) (2020). In Japanese.

27


https://www.zenshoren.or.jp/2021/03/08/post-8477
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref68
https://xtech.nikkei.com/atcl/nxt/column/18/00142/00106/
https://xtech.nikkei.com/atcl/nxt/column/18/00142/00106/
https://www.japantimes.co.jp/news/2011/08/17/national/tsunami-spared-matsushima-but-swept-away-bays-tourists/
https://www.japantimes.co.jp/news/2011/08/17/national/tsunami-spared-matsushima-but-swept-away-bays-tourists/
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref71
https://doi.org/10.1016/j.pdisas.2024.100352
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref73
http://refhub.elsevier.com/S2212-4209(24)00900-2/sref73

	Approaches to post-tsunami coastal reconstruction: Comparisons across Indonesia, Thailand, and Japan
	1 Introduction
	2 Initial impacts of the early 21st century tsunamis
	2.1 Indian Ocean Tsunami, 2004
	2.2 Great east Japan earthquake and tsunami, 2011
	2.3 Palu-Central Sulawesi triple disaster, 2018
	2.4 Tsunami frequency of occurrence period
	2.5 Reconstruction sustainability

	3 Spatial planning and development following the disasters
	3.1 Indonesian spatial planning and development
	3.2 Thailand spatial planning and development
	3.3 Japan spatial planning and development

	4 Development of tsunami design codes in Indonesia, Thailand and Japan
	5 Coastal evacuation planning in Indonesia, Thailand and Japan
	5.1 Tsunami early warning systems
	5.1.1 Early warning systems in Indonesia
	5.1.2 Early warning systems in Thailand
	5.1.3 Early warning systems in Japan

	5.2 Tsunami preparedness training
	5.2.1 Training in Indonesia
	5.2.2 Training in Thailand
	5.2.3 Training in Japan

	5.3 Evacuation routes and structures

	6 Development of coastal defence and port structures in Indonesia, Thailand and Japan
	6.1 Coastal defence and port structures in Banda Aceh
	6.1.1 Coastal defences in Palu Bay
	6.1.2 Coastal defence and port structures in Thailand
	6.1.3 Coastal defences in Japan
	6.1.4 Soft coastal defences


	7 Comparison of recovery and reconstruction across Indonesia, Thailand and Japan
	8 Conclusions and recommendations
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


