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Abstract: The tsunami is one of the deadliest natural disasters, responsible for more than 260,000 deaths
and billions in economic losses over the last two decades. The footage of the devastating power of the
2004 Indian Ocean tsunami perhaps remains vivid in the memory of most survivors, and Malaysia
was one of the countries affected by the unprecedented 2004 tsunami. It was the first time the
Malaysian government had managed such a great disaster. This review, therefore, gathers the
relevant literature pertaining to the efforts undertaken following the event of the 2004 tsunami from
Malaysia’s perspective. A compilation of post-event observations regarding tsunami characteristics is
first presented in the form of maps, followed by building damage, including damage modes of wall
failure, total collapse, debris impact and tilting of structures. In addition, hazard assessments and
projections regarding a hypothetical future tsunami towards vulnerable hazard zones in Malaysia
are reviewed. It is observed that future tsunami risks may originate from the Indian/Burma Plate,
Andaman Island, Sunda Trench, Manila Trench, Sulu Trench, Negro Trench, Sulawesi Trench, Cotabato
Trench and Brunei slide. A rundown of post-2004 measures and tsunami research undertaken in
the country is also included in this review, serving as a reference for disaster management globally.
Overall, the outcomes of this review are important for understanding tsunami vulnerability and the
resilience of coastal infrastructures, which will be crucial for continued progress in the future.

Keywords: 2004 Indian Ocean tsunami; Malaysia; disaster risk; disaster management; tsunami studies

1. Introduction

Since ancient times, tsunamis have been observed and reported, especially in Japan,
Indonesia, and the Mediterranean areas. Historically from 1901 to 2016, the Pacific Ocean
was the main tsunamigenic region: approximately 75% of tsunami events occurred within
its basin, compared to 10% in the Atlantic, 9% in the Mediterranean region, and 6% in
the Indian Ocean [1]. Tsunamis are catastrophic in nature; the huge volume of sea water
mobilized with very high energy is capable of overtopping shorelines and coastal zones
rapidly. A devastating tsunami can cause a series of widespread impacts such as destruction
of seaside villages, significant damage to cars, buildings and infrastructures, post-tsunami
disease outbreaks and fatal consequences [2].

Table 1 depicts a list of historical tsunamis in chronological order that caused 2000
or more deaths, starting from 1896. According to Guha-Sapir et al. [3], a total of more
than 260,000 deaths (average 4600 deaths per occurrence) were reported from 58 tsunamis
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in 100 years. Compared with other natural disasters such as earthquakes, tornadoes,
hurricanes, volcanic eruptions and floods, tsunamis have the highest toll of fatalities per
event on average [4]. The 1755 Lisbon earthquake, with a magnitude of Mw 8.5–9.0, was
among the worst earthquakes to have hit Europe, triggering a 30 m high tsunami towards
the North Atlantic coasts [5–7]. In 1908, a 7.1–7.3 magnitude tsunamigenic earthquake
struck Messina, Italy, claiming an estimated 70,000 to 100,000 lives (earthquake–tsunami
combination) [8]. The 1960 Chilean tsunami was believed to be one of the strongest tsunami
events and was a result of the largest earthquake ever measured (magnitude 9.5) [9].
More than 40 years later, the 2004 Indian Ocean tsunami was triggered by a Banda Aceh
mega-earthquake of Mw 9.3; it was perhaps the most catastrophic tsunami the world had
seen, causing extensive destruction to the coastal area and remarkable loss of life among
coastal communities [10].

Table 1. Historical timeline of major, devastating tsunamis with 2000 or more fatalities from the 1700s
to the 2010s.

Year Event Moment Magnitude (Mw) Deaths

1755 Lisbon tsunami 8.5–9.0 ≈10,000
1896 Meiji Sanriku tsunami 8.2–8.5 ≈2000
1908 Messina tsunami 7.1–7.3 ≈10,000
1923 Great Kanto tsunami 7.9 ≈2144
1933 Sanriku tsunami 8.4 ≈3022
1945 Makran tsunami 8.1 ≈4000
1952 Kamchatka tsunami 9.0 ≈10,000
1960 Chilean Tsunami 9.5 ≈2223
1976 Moro Gulf tsunami 8.0 ≈6800
1998 Papua New Guinea tsunami 7.0 ≈2205
2004 Indian Ocean tsunami 9.1–9.3 ≈227,899
2011 Tohoku tsunami 9.0 ≈18,453
2018 Sulawesi tsunami 7.5 ≈2077

In 2004, Malaysians had not expected that a tsunami could sweep into the northwest
shore of Peninsular Malaysia (West Malaysia) through the north entrance of the Straits
of Malacca. The unprecedented 2004 event claimed 74 lives (with 68 reported dead and
6 missing) and caused 300 injuries [11,12], thus changing the mindset of citizens that the
country was safe against tsunamis. According to a survey conducted by Lau et al. [13],
about 84% of the respondents agreed that the degree of preparedness of Malaysians to take
appropriate actions during the occurrence of natural hazards was still insufficient. The
aftermath of the disaster has caught the attention of the Malaysian government, spurring
it to formulate an effective solution for building a resilient society [14]. Subsequent mea-
sures include the assessment of tsunami threats, mitigation of tsunami risk, enhancement
of tsunami preparedness, development of tsunami emergency response plans (TERPs),
rehabilitation and reconstruction. Nevertheless, Malaysia’s design of coastal structures in
accordance with relevant standards and codes is still halted at the infant stage due to a lack
of knowledge on tsunami impact topics.

As risk perceptions and the preparedness to respond to possible tsunamis are asso-
ciated with the integrated role of the government and non-governmental organizations
(NGOs), this review attempts to provide an up-to-date picture of the efforts undertaken
from the point of view of Malaysia. The outcomes of this review are intended to serve as ref-
erences for responsible agencies worldwide in drawing out alternative tsunami-mitigating
strategies along coastlines. This review is organized into three main sections. Records of
post-tsunami observations (related to the 2004 tsunami only) compiled from various sources
are first summarized to enhance the understanding of tsunami impacts. The following
section is presented with a graphical summary of the projected future tsunami occurrence,
which may aid government and research communities in improving the tsunami hazard
map. Finally, the review ends by discussing post-2004 measures and tsunami research in
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response to coastal protections as well as force estimation on structures and infrastructures
to contribute towards knowledge development in tsunami disaster management.

2. 2004 Indian Ocean Tsunami: Field Observations in Peninsular Malaysia

On 26 December 2004, the first-ever tsunami in Peninsular Malaysia was recorded
in the modern history of Malaysia. Notwithstanding its proximity to the earthquake’s
epicentre (west coast of northern Sumatra), Malaysia escaped the severe damages and
casualties suffered by the neighbouring countries, including Sri Lanka, Thailand and
Indonesia (particularly Banda Aceh). Although the 2004 tsunami event only affected those
states in the northern half of the Straits of Malacca (as shown in Figure 1), this incident
was considered one of the most critical disasters among the 39 disasters experienced in
Malaysia from 1968 to 2004 [15] and the 51 natural disaster events from 1998 to 2018 [16]. It
brought both short- and long-term sequelae to the locals, including physical, environmental,
socio-economical and even psychosocial impacts [17,18]. This review thus gathers field-
investigated data in the following sub-sections, focusing on the tsunami’s characteristics
and the building damage in the inundation zones at different tsunami-affected locations.
The summarized information could provide additional knowledge to coastal communities
on tsunami-related topics.
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Figure 1. Coastlines of Peninsular Malaysia affected by 2004 Indian Ocean tsunami [17].

2.1. Tsunami Characteristics

In Malaysia, the major tsunami-affected areas were the northern coastal areas, par-
ticularly Kuala Muda and the outlying islands (Penang Island and Langkawi Island). As
shown in Figure 2, five locations each on Penang Island (Batu Ferringhi, Tanjung Tokong,
Tanjung Bungah, Pantai Acheh and Gurney Drive) and Langkawi Island (Pantai Tengah,
Pantai Cenang, Kuala Teriang, Pantai Kok and Sungai Melaka), and six major locations
in Kuala Muda (Kota Kuala Muda, Tanjung Dawai, Kuala Sungai Muda, Kampung Tepi
Sungai, Kg Masjid and Padang Salim) were badly hit by the 2004 Indian Ocean tsunami. It
is reported by Yalciner et al. [19] and Bird et al. [20] that the waves first reached Langkawi
Island slightly more than 3 h after the earthquake, with an average speed of 240 km/h
and nearshore positive amplitudes ranging from 2.5 m to 3.0 m. The waves subsequently
travelled south to Penang Island with average nearshore positive amplitudes ranging
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between 2.0 m to 3.0 m, while a lower speed of approximately 100 km/h occurred across
the Straits of Malacca due to the shallower sea depth [21].
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Field-investigated data are critical to the fundamental understanding of tsunami
generation and propagation as well as the coastal impacts. Subsequent to the 2004 Indian
Ocean tsunami, post-disaster surveys and case studies were extensively conducted at
Penang Island, Langkawi Island and Kuala Muda [19–24]. The variability of tsunami
flow characteristics is based on a site-specific basis in terms of geomorphic setting. Thus,
the tsunami wave parameters from observations such as the maximum runup height,
inundation distance and inundation depth are graphically summarized in Figure 3, which
could be helpful as a benchmark for the validation of tsunami inundation models. The
definitions of those tsunami parameters (as noted in the Tsunami Glossary [25]) are given
in Appendix A (Figure A1).

The findings compiled in Figure 3 show that the maximum runup reached as high as
6–8 m (Pasir Panjang), 4 m (Teluk Ewa) and 3.8 m (Kota Kuala Muda) at Penang Island,
Langkawi Island and Kuala Muda, respectively. As reported, the maximum tsunami
inundation ranged from 13 m to 3000 m, depending on the ocean bathymetry, topography,
hydrology and geology of the coast [11]. The terminology in coastal zones, as noted by
FEMA P-55 [26], can be found in Appendix A (Figure A2). The variability is also attributed
to tsunami barriers or other coastal protection structures. In Malaysia, the man-made
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offshore breakwaters and seawalls along the coastline in the south of Kuala Teriang did
help to reduce the tsunami wave inundations [19,22,27]. However, Lee et al. [28] reported
that certain landward areas in Kampung Kuala Teriang still failed to be protected by those
man-made structures. On the other hand, the wave energy was successfully dissipated by
natural barriers such as the mangrove forests found at Pantai Acheh, resulting in a runup
height of less than 4 m [23]. The northern parts of Langkawi Island (Kampung Kubang
Badak) and Kuala Muda (Kampung Pulau Sayak) also suffered less impact, as they were
shielded by mangrove forests [28,29].

As for the flow velocity, there is limited relevant information recorded for the 2004
tsunami event in Peninsular Malaysia. Table 2 summarizes the recorded flow velocity
for the wave approaching the northwestern part of Peninsular Malaysia during the 2004
Indian Ocean tsunami. Komoo and Othman [24] reported that the flow velocity for the
wave approaching Kuala Muda was approximately 8.33 m/s, whereas a flow velocity of
approximately 18.06 m/s was observed for Penang Island and Langkawi Island (Table 2).
This observation is somewhat contrary to the study of Bird et al. [20], which reported a
much lower flow velocity of 6.94 m/s near Sungai Kuala Triang in Langkawi Island.

Table 2. Recorded flow velocity for 2004 Indian Ocean tsunami approaching Peninsular Malaysia.

References Incident Place Flow Velocity (m/s)

Bird et al. [20] Sungai Kuala Triang, Langkawi Island (6.328258, 99.847767) 6.94

Komoo and Othman [24] Kota Kuala Muda 8.33

2.2. Building Damage

According to the Department of Irrigation and Drainage (DID), a total of 1535 resi-
dential buildings in Malaysia—in Kedah (900), Penang Island (615) and Perak (20)—were
damaged or destroyed during the 2004 tsunami event [22]. The affected buildings were
classified into wooden/timber houses, masonry houses and combination wooden and
masonry houses. Kedah (particularly the Kuala Muda region) was deemed one of the most
severely affected areas among the affected states of Malaysia. Apart from its low-lying
coastline, most of the houses in Kuala Muda were made of highly vulnerable wooden
frames made up of columns and beams which were supported closely by spaced joists.
Figure 4a shows the Kota Kuala Muda Tsunami Memorial built next to a row of damaged
houses left in their wrecked condition as a reminder of the destructive natural forces.

Regarding the aspect of structural damage, buildings with different structural systems
and construction materials suffered different extents of destruction. Based on the surveyed
data, as in DID [22], Komoo and Othman [24] and Nordin and Charleson [30], such damage
modes as wall failure, total collapse, debris impact and tilting of structures were commonly
observed along the northwest coast of Malaysia. Accordingly, both wooden and masonry
houses suffered wall failure when impacted by tsunami waves. The wall panels of those
wooden houses suffered enormous damage as the strong surges completely washed them
away and consequently lifted and swept away floors and roofs as well. On the other hand,
though most of the masonry houses managed to stand intact, their frontal faces suffered
severe damage, owing to the direct exposure of their large surface areas to tsunami waves.
Some portions of roof tiles were also found to be damaged by wave-induced uplift forces.
The worst possible scenario is the wall blowout, as shown in Figure 4b. This phenomenon
shows that hydrodynamic forces act on both the exterior and interior wall panels during
the tsunami flows through a building.
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Collapse is the most common failure observed for wooden houses. Often, little is
left of the wooden constructions after they are subjected to the wave-induced loads [31].
Those constructions are vulnerable to the waves’ hydrostatic and hydrodynamic forces,
though they resist earthquake loadings with minor damage. As a sequela of extreme
hydrodynamic events like tsunamis, wooden houses were easily disintegrated into the
sub-structures and were washed away as waterborne debris. Furthermore, some masonry
houses located along the beaches of Kampung Masjid and Kampung Tepi Sungai in Kedah
were also found to have collapsed, which could be attributed to lower structural strength,
as the masonry houses are non-engineered lightly reinforced concrete (RC) buildings.
Collapse generally occurs once the wave-induced loads exceed the load-carrying capacity
of a building, especially when there is no coastal protection along the coastline.

Tsunami loads might become more destructive with mud-laden waves and debris
resulting from vehicles and failed building components such as wall panels, windows and
roofs. With each passing cycle of inflow and outflow, the amount of debris could increase as
the waves sweep everything present in the inundation zones [32]. This kind of destruction
was apparently reported on Langkawi Island and Penang Island [20,21]. During the 2004
tsunami occurrence in Peninsular Malaysia, the debris of floating vehicles was carried
by the tsunami flow and was deposited at houses. When a wave carrying large-scale
debris surged toward the houses, the houses were laden with debris and subsequently
experienced severe damage to exterior walls and structural columns, as well as beams.

Another failure mode was observed in Kota Kuala Muda: tilting of structures, as
shown in Figure 4c. This scenario mainly involves traditionally designed Malay houses
with a combination of wooden and masonry structures. Such traditional houses survived
in the 2004 tsunami event, as their elevated design provided enough space for low tsunami
waves to go underneath, and thus the first floor was hardly affected [30]. For this kind
of structure, the piers and house-to-stump connections play essential roles in resisting
the waves and debris impact. Due to the failure of columns on the ground floor, the
whole structure was tilted, associated with large deformation (Figure 4c). However, the
damage experienced by an elevated house is said to be significantly related to the tsunami
inundation depth. The whole structure could be destroyed in the worst scenario where the
inundation depth is high enough to reach the first floor.
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The Malaysian government commenced post-disaster rehabilitation and reconstruction
in the immediate aftermath of the disaster. Other than the financial aid, temporary housing
of timber and steel longhouses was constructed to provide safe shelter for about 104 affected
families whose houses were no longer inhabitable [33,34]. A new town development plan
with permanent housing was then undertaken by the national housing development
company (SPNB), owned by the minister of finance of Malaysia, to relocate the tsunami
victims. Under the “Rumah Mesra Rakyat” (RMR) Program, 561 new permanent houses
were built in Penang State (Pangsapuri Masjid Terapung in Tanjung Bungah, Desa Kuala
Muda in Seberang Perai), and 166 others were built in Kedah State (Taman Ara Jaya in
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Langkawi, Taman Permatang Katong in Kota Kuala Muda) [35]. This emergency housing
has been met with great satisfaction among the affected communities in Kota Kuala Muda.

3. Assessment of Tsunami Threats to the Coast of Malaysia
3.1. Tsunami Hazard Zoning

In the foreseeable future, tsunamis will likely threaten Malaysian coastal dwellings [36].
Based on the tectonics of the Southeast Asia region, the Malaysia region is situated on the
Sunda Plate, bordered by seismically active areas. In the assessment of tsunami threats
to Malaysia, significant uncertainties exist regarding the potential tsunamigenic earth-
quake sources originating from the Andaman Nicobar Islands fault slip zone, Philippine
subduction zones, the South China Sea (SCS), the Sulawesi Sea and the Makassar Strait [36].

In 2009, the Ministry of Science, Technology and Innovation (MOSTI) initiated the de-
velopment of a tsunami hazard map for Malaysia (Figure 5) based on the above-mentioned
potential sources. According to the tsunami hazard zones depicted in Figure 5, not all parts
of Malaysia will have the same degree of tsunami risk. The risk areas can be sub-divided
into two zones of different degrees of risk: Zone 1 can be defined as the high vulnerable
hazard zone, covering the northwestern part of Peninsular Malaysia (Perlis, Penang, Kedah,
Perak and Selangor) as well as the northeast, northwest and southwest coasts of Sabah
(Kudat, Kota Kinabalu, Sandakan, Lahat Datu, Semporna, Tawau and Sipadan), whereas
Zone 2 possesses no or very low tsunami hazard, covering the remaining coastal areas in
Malaysia. Note that Sabah is a Malaysian state located in East Malaysia.
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3.2. Worst-Case Scenario Simulation

Although the established tsunami warning systems could save lives through the early
evacuation of residents, understanding inundation scenarios is crucial to resilience preparation.
Following the 2004 tsunami event, great efforts by means of computational simulations have
been seen, focusing on the three main phases of tsunami dynamics: generation, propagation
and runup. According to the literature, tsunami simulations are commonly performed us-
ing the following well-known models: the COMCOT (Cornell Multi-grid Coupled Tsunami
model), TUNAMI, TUNAMI-N2, TUNAMI-N2-NUS (Tohoku University’s Numerical Anal-
ysis Model for Investigation of the Near-field tsunami), TDP (Tsunami Display Program
model), TUNA, TUNA-M2, TUNA-RP (Tsunami-tracking Utilities and Application) and
MIKE 21 flow model, developed by the Danish Hydraulic Institute (DHI).

Prior to the investigation of potential worst-case events, the scenario of the 2004
tsunami generation and propagation towards Malaysia was first reconstructed, and the
simulation results were compared with the post-tsunami observations [23,37–42]. The study
of Ghazali et al. [43] suggested the possibility of a 2004 tsunami scenario coinciding with the
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highest astronomical tide (HAT) event that would double the tsunami incident waves and
inshore penetration observed in 2004. Apart from the simulation based on the tsunami back
in 2004, other extensive tsunami modelling efforts with multiple scenarios and possible
sources have also been undertaken to identify the locations at risk. The findings from the
worst-case scenarios of future tsunamis striking the Malaysian shores (Peninsular Malaysia
(particularly Perlis, Kedah and Penang Island) and East Malaysia (particularly Sabah))
were compiled in this study, as systemically presented in Figures 6 and 7, respectively. The
forecasted key parameters include the tsunami arrival times, wave heights, inundation
depths, runup heights and flow velocities to which coastal communities would be subjected.

Based on historical earthquake data along the Indian/Burma Plate, Ismail and Wa-
hab [44] and Karim et al. [45] assessed the tsunami threat along the northwest coast of
Peninsular Malaysia. Considering an earthquake magnitude (Mw) of 9.0, Kuala Triang
received the highest tsunami level of around 5 m above the MSL. As evident from the worst-
case scenario simulation, the other possible affected areas in Peninsular Malaysia include
Teluk Bahang, Pasir Panjang and Georgetown in Penang Island, Kuala Triang and Teluk
Ewa in Langkawi Island, Kuala Muda and Kuala Sanglang (Figure 6). Apart from the threat
imposed from the Indian Ocean (Indian/Burma Plate), Koh et al. [23] demonstrated the
severe impacts caused by tsunamigenic earthquakes at the Sumatra–Andaman fault, which
might result in runups as high as 7.5 m at Langkawi Island and Penang Island (Figure 6).
The recent study of Naim et al. [46] attempted to revise inundation results due to coastal
changes and the availability of better topographic data. The latest findings show that Penang
Island would be susceptible to being inundated 3.47 km inland to a depth of 5.40 m, triggered
by earthquakes of Mw 9.25 along the Sunda Trench. There are also potential tsunami sources
in the SCS due to the fault rupture along the Manila Trench near the Philippines affecting the
east coast of Peninsular Malaysia, especially the states of Kelantan and Terengganu [47].

As for East Malaysia, the earliest study of Raj [48] reported that the coastal areas of
Sabah generally possess an insignificant tsunami threat. However, subsequent studies
have demonstrated the tsunami risk originating from the Manila Trench [49–54], Sulu
Trench in the Sulu Sea [55–57], North Sulawesi Trench in the Celebes Sea [58] and Cotabato
Trench [59,60]. Based on the worst-case scenario findings as summarized in Figure 7, the
affected areas include Tambisan Island, Sandakan, Berhala Island, Kudat, Lahat Datu,
Tawau, Kota Kinabalu, Kota Belud, Labuan, Balambangan Island, Banggi Island and
Semporna. Based on the study of Nurashid et al. [56], the first wave hit Tambisan Island
about 22 min after the earthquake occurrence at Sulu Trench, in which the maximum
inundation depth reached 8 m following an 8.8 magnitude earthquake. Pedersen et al. [58]
also identified the potentiality of the Negro Trench generating tsunamis with a maximum
wave of 3 m (along the coastline) that would strike the northern tip of Sabah.

In 2007, a giant potential landslide tsunami source was identified near the North-
West Borneo Trough, the so-called “Brunei slide”, as shown in Figure 8. To investigate
its potential tsunami hazards towards Malaysia, Chai [61] and Tan et al. [62] computed a
Brunei landslide tsunami simulation using the non-deforming submarine landslide model
suggested by Watts et al. [63]. According to their studies, the Brunei slide-induced tsunami
inundation distance might reach up to 2.64 km in Kota Kinabalu if the sliding slope is
a 4◦ slope. In addition to the western region of Sabah, the coastal land of Sarawak (a
Malaysian state located in the southwestern part of East Malaysia) could also be badly
affected, with the inundation depth and distance potentially reaching 15.5 m and 4.86 km,
respectively, for the worst scenario of a Brunei slide with a 4◦ sliding slope [62]. The later
study of Ren et al. [64] also proved that not only Malaysia but also the coasts of Brunei,
Indonesia, Vietnam, the Philippines and South China could be struck by Brunei slide-
induced tsunamis as well. These findings are contrary to the hazard zones identified by
the MOSTI [36] in Figure 5, which state that the coast of Sarawak possesses a low tsunami
hazard. The MOSTI needs to continue improving and updating the current tsunami hazard
map by including the Brunei slide as a potential tsunami source, as landslide tsunamis
have been receiving more attention in recent years.
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According to numerical simulations by various researchers, the hypothetical future
tsunamis would likely cause adverse impacts to coastal areas in Malaysia. It is noteworthy
to mention that casualties could possibly increase due to a lack of awareness of tsunami
hazards. Thus, the graphical summaries depicted in Figures 6 and 7 are necessary to raise
community awareness of tsunami occurrence near those regions, though it is not possible
to predict the timeframe of the next tsunami that will hit those areas.
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4. Post-2004 Measures and Research in Malaysia
4.1. Disaster Risk Management

Following lessons from the 2004 tsunami, the Malaysian government has undertaken
various measures and strategies to respond to disaster management’s preparedness, re-
sponse and recovery phases. Inspired by the United States National Tsunami Hazard
Mitigation Program (NTHMP), a series of South China Sea Tsunami Workshops (SCSTW)
was initiated as a platform in 2007 to gather worldwide tsunami experts to discuss discover-
ies and understandings of tsunami-related hazards. In 2009, the SCSTW-3 was successfully
held in Malaysia, receiving contributions from organizations from 30 nations, including the
United States Geological Survey (USGS), Academia Sinica Taipei, Tohoku University Interna-
tional Research Institute of Disaster Science (IRIDeS) and Philippine Institute of Volcanology
and Seismology (PHIVOLCS) [65]. The published special issue [66,67] on the workshop’s
multi-disciplinary findings was necessary for strengthening coastal community resilience.

As part of the government’s efforts to mitigate future tsunami risk, the Malaysian
National Tsunami Early Warning System (MNTEWS) was established in December 2005 as
a national monitoring centre carrying three main functions: data collection, data processing
and analysis, as well as warning dissemination through various media, including the Fixed-
Line Alert System (FLAS), Short Message Service (SMS), media broadcast (TV, radio), social
media (Facebook, Twitter), official Malaysian Meteorological Department (MMD) portals
and public announcement systems (sirens/PA) [68]. As of 2017, the sea level network in
Malaysia was made up of one deep-ocean buoy deployed near Layang-Layang Island in
the SCS, together with 17 tide gauge stations, with 8 in Peninsular Malaysia (Awana Porto
Malai, Perak Island, Kerachut, Perhentian Island, Jarak Island, Tanjung Keling, Tanjung
Gelang and Tioman Island), 6 in Sabah (Kudat, Sepanggar, Layang-layang Island, Lahad
Datu, Labuan and Tawau) and 3 in Sarawak (Mukah, Bintulu and Miri). The MNTEWS
is also an integral part of the Indian Ocean Tsunami Warning System and the Northwest
Pacific Advisory System coordinated by the Intergovernmental Oceanographic Commission
(IOC) of UNESCO, enabling the provision of effective early warnings of tsunami occurrence
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over the Indian Ocean, SCS, Sulu Sea and Pacific Ocean [69]. It is also worth mentioning
that the South China Sea Tsunami Advisory Centre (SCSTAC) coordinated by UNESCO’s
IOC became operational in 2019 [70]. At present, the SCSTAC consists of three groups
(the Earthquake Monitoring Group, Tsunami Warning Group and Tsunami Mitigation
Group), with the primary mission of providing timely advisories on potentially destructive
tsunamis to Brunei, Cambodia, the People’s Republic of China, Indonesia, Malaysia, the
Philippines, Singapore, Thailand and Vietnam.

On 18 March 2015, Malaysia ratified the Sendai Framework for Disaster Risk Reduc-
tion (SFDRR) 2015–2030 alongside other 187 United Nation members [71]. Under the
fourth priority of SFDRR, standard operating procedures (SOP) have been developed for
each type of disaster response, including tsunamis [72]. Based on surveys conducted
by Zahari et al. [73], local communities were found to be ideal for preparing for future
tsunamis. The country thus adopted the community-based disaster preparedness (CBDP)
approach to encourage community involvement in disaster management. Public awareness
programs such as posters and public workshops are also an integral part of the MNTEWS,
with the close cooperation of the National Disaster Management Agency (NADMA) and the
Malaysian Meteorological Department. To better enhance local preparedness for disaster,
the Inter-Agency Committee for Earthquake and Tsunami Risk Management (IACETRM)
was also formed to utilize the CBDP approach in developing TERPs for local communi-
ties [69]. Through the coordination of the Academy of Sciences Malaysia (ASM), TERPs
were first developed for Langkawi Island, followed by Kuala Muda, Penang Island (Batu
Ferringhi and Balik Pulau) and the Kudat District in Sabah. This approach has been found
to be more effective if other vulnerable communities also receive similar endeavours, as a
priority at least, in the high threat-level zones, as mentioned in Section 3.

Since the 2004 tsunami, governments and communities across Asia-Pacific have in-
creased awareness of the issue. The United Nations Development Programme (UNDP) and
the Japanese government have taken some initiatives on strengthening tsunami awareness
and preparedness in 18 Asia-Pacific countries through a project called “Strengthening
School Preparedness for Tsunamis in the Asia-Pacific Region”. As Malaysia is one of those
selected countries, awareness campaigns and simulation exercises were conducted in 2018
by the UNDP in collaboration with the NADMA and the Ministry of Education (MOE) to
prepare schools and communities for a tsunami [74]. Appropriate education and training
programs were also designed and delivered to students and teachers through community-
based disaster risk management (CBDRM) and the School Preparedness Programme’s
Training of Trainers initiative, respectively. The lessons and experiences gained from the
tsunami evacuation and safety drills could ensure the residents are well-equipped to deal
with future tsunamis regarding response time and actions.

4.2. Studies on Coastal Protections

There have been many global studies covering the topic of coastal protections follow-
ing the 2004 tsunami event [75–79]. In Malaysia, field surveys on Kuala Teriang, Langkawi
Island, revealed that macroroughness in terms of breakwaters and seawalls effectively
reduced potential tsunami risks [22]. In this context, Jahromi and Sidek [80] attempted
the conceptualization of submerged structures as tsunami barriers. Thirty-nine different
layouts of nearshore breakwaters were designed and tested using the Steady-State Spectral
Wave (STWAVE) Module of the Surface Water Modelling System (SMS). Numerical results
demonstrated a significant reduction in wave heights at the shoreline of up to 83% by the
optimized layout of the submerged breakwaters while preserving the aesthetic feature of
Penang Island as a tourist attraction spot.

Rahman et al. [81] conducted physical modelling to ascertain the reduction of tsunami
wave force on a building fronted by a seawall; 1:35 scaled experiments were conducted in
a wave flume that was 17.5 m long, 0.6 m wide and 0.45 m high. The presence of a seawall
demonstrated the force reduction on the inland building. A dimensionless factor considering
the distance from the gate to the seawall and the distance from the gate to the building was
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proposed, where the force reduction increases with an increasing ratio. Rahman et al. [81]
also suggested that a seawall with perforations could allow water to easily flow back to the
sea. Perforated seawalls were then tested by Maqtan et al. [82] and proved to minimize an
overtopped wave and also reduce the scouring at the seawall’s landward toe.

Lately, research topics related to this field have gained considerable interest among
Malaysian researchers. Ibrahim et al. [83] focused on wave transmission over an innovative
submerged breakwater called the WABCORE (Wave Breaker and Coastal Restoration
breakwater), a composite system unit developed by National Hydraulic Research Institute
of Malaysia (NAHRIM). In the study, the WABCORE was arranged to result in two model
types: narrow- and broad-crested structures. The experiments permitted the testing of each
structure type in a series of incident waves with different heights (0.05, 0.10, 0.15, 0.20, 0.25
and 0.30 m) and periods (1.43, 1.68 and 2.0 s). By varying the freeboard (distance from top
crest to the surface water level) from 0.02 m to 0.22 m, a wave transmission coefficient was
successfully derived. In contrast, Pereira et al. [84] suggested using floating breakwaters as
a potential mitigation against direct wave attacks. To reduce the environmental impacts
posed by the submerged breakwaters, a few membrane-type floating breakwaters were
developed, attaching to additional ballasting materials (water and sand). The findings
revealed that the design with a lower and wider distributed configuration of ballasting
was proven to effectively dissipate the wave energy, with a maximum difference of 20%
compared to that of the rigid box-type model.

Instead of designing man-made structures as nearshore barriers, soft bio-engineering
or environmental approaches (coastal vegetation) are gaining more popularity as potential
mitigation measures against tsunamis due to their cost-effectiveness. The protective role of
large-scale roughness elements such as mangroves has been observed in case studies [85],
numerical simulations [86,87] and laboratory experiments [88]. From the study of Teh et al. [87],
Manning’s roughness coefficient was incorporated in a TUNA-RP simulation to represent the
mangrove forests at Pantai Acheh. The results showed that the simulated and surveyed runup
heights were close compared to those without mangrove forests in the simulation. The findings
are in agreement with Fateh et al. [89], which carried out a structural analysis to study the
behaviour of buildings in terms of bending moment and shear force when subjected to tsunami
loads. When the protection of coastal forests was provided, the bending moment and shear
force for structures were reduced by 96% due to reduced wave heights.

Hashim and Catherine [88] conducted an initial laboratory study on the quantitative
effect of various mangrove densities and tree arrangements on wave attenuation. In the
laboratory tests, artificial Rhizophora tree models were downscaled at a ratio of 1:10 and
subjected to tsunami waves in a 23 m long, 1.5 m wide and 1.2 m high wave flume. The
experimental results demonstrated an insignificant effect of the mangrove tree arrangement
on the wave height reduction, with a difference of less than 10%. Their study also suggested
that 80 m wide mangrove forests with a density of 0.11 trees/m2 could be enough for coastal
protection, where the wave height reduction can be up to approximately 80%. According to
ADB [90], there is a total mangrove area of 575,000 hectares in Malaysia, of which 60% is in
Sabah, followed by 23% in Sarawak and 17% in Peninsular Malaysia. As such, mangrove
forests could be utilized to protect vulnerable shorelines from future tsunamis, provided
these mangroves are planted in the right site conditions [91].

4.3. Studies on Tsunami Force Estimation

Over the past few decades, tsunami force estimation on structures has been studied
and explored widely by tsunami-prone countries like Japan, the United States, China,
Canada, the United Kingdom, New Zealand, Germany, Indonesia and India [92]. Malaysia, as
one of the developing countries with little experience of tsunami occurrences, only embarked
on experimental studies of structures against tsunami force in 2014 [93–95], thus leaving plenty
of room for growth among local researchers. Ordinarily, the interaction between tsunami
waves and a three-dimensional structure (building or bridge) is more complex than for a two-
dimensional structure, particularly a wall. Moon et al. [93] were perhaps the first in Malaysia
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to experimentally study the interaction of tsunami waves with one- and two-storey onshore
buildings. At a scale of 1:100, a recreation of the 2004 tsunami scenario at Penang Island was
attempted in the study. As a preliminary study, Moon et al. [93] established the pressure–force
relationship. Their work was further extended by Lau et al. [96], which modelled actual wave
scenarios of 4, 6 and 8 m depths to represent historical and possible future tsunami events.

Efforts to investigate tsunami wave forces acting on bridges were also seen in 2014.
Mazinani et al. [94] carried out a preliminary study to evaluate the tsunami-induced
horizontal and uplift forces on a 1:40 scaled box girder bridge. The experimental data
established a non-linear relationship between forces and wave heights. Based on the
preliminary findings, Mazinani et al. [97] continued the work by conducting additional
experiments with various girders and wave heights to assess the horizontal forces, uplift
forces and overturning moment. The study then developed an alternative approach based
on an extreme learning machine (ELM) predictive model to estimate the tsunami force on
a bridge. In the Rahman et al. [95] study, a 1:100 scale bridge model with three girders
was subjected to broken and unbroken waves. The static water depths were varied so that
the forces could be evaluated through the clearance depth of the girder. The experimental
results indicated that bridges with higher clearance depth were more vulnerable to tsunami
hazards, where the maximum load was approximately 4.59 times the hydrostatic pressure
for the case of a broken wave. Through its revision by Rahman and Khan [98], a predictive
formula was proposed to estimate the horizontal wave pressure on a bridge, given a known
wave height and the clearance depth of the girder.

Farahmandpour et al. [99] was perhaps the first and sole study in Malaysia that consid-
ered the impact of waterborne tsunami debris on structures. A dam-break mechanism was
used to reproduce the tsunami wave, as the analogy between the propagation of a tsunami
bore-front and dam-break flow was revealed by Chanson [100]. A 1:5 scale building model
was subjected to wooden debris, which consisted of three pieces of wooden logs with
different sizes and masses. All the wooden debris pieces were initially placed at the flume’s
centreline with their sides parallel to the sides of the flume. Once the bore progressed
downstream, it resulted in an impact against the building structure. The study showed
a significant increase in the base shear force due to debris impact, as compared to the
case with clear bore water. The experimentally measured debris impact forces were then
compared with that calculated using the formula recommended by FEMA P-646 [101]. The
comparison shows good agreement, especially in the case of bigger debris.

Under suitable scaling criteria, Teh et al. [102] also investigated wave pressure distribu-
tion on a vertical structure. Two types of fluids were used: Newtonian and non-Newtonian
(kaolin clay suspension with a solid volumetric concentration of 20%), representing fresh-
water and mud-laden waves, respectively. For an equivalent reservoir water depth of
45 cm, the case of Newtonian fluid exhibited both bore height and velocity higher than
the non-Newtonian one. These characteristics led to a larger surface flux being observed
upon the wave’s impingement on the vertical structure. However, the pressure exerted
at the bottom-most part of the structure was higher in the case of non-Newtonian fluid,
associated with its higher viscous force. In the subsequent year, preliminary studies by
Faisal et al. [103] pointed out the importance of openings in limiting wave-induced loads.
Various wall-opening configurations were investigated regarding their abilities to reduce
wave force on a building. According to the study, the elevation of openings was found to
affect the wave velocity reduction. However, the results generally show that lesser force
was induced on walls with bigger openings due to the smaller velocity reduction and
diffusion when the flowing water passes through the wall. Efforts to investigate tsunami
wave flow through a building can also be seen in the later study of Moon et al. [104].

Studies in 2019 were oriented toward estimating tsunami forces on seawalls [105] and
buildings [106–108]. From the study of Nordin et al. [109], the layout of buildings was
found to affect the tsunami flow travelling across the inundation zone. Moon et al. [106]
thus evaluated the tsunami forces on a shielded building according to the macroroughness
arranged in tandem and staggered orders. The findings demonstrated the influence of
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surrounding buildings on the tsunami flow mechanism. The resulting wave pressures
were discussed in comparison to Thomas et al. [110] and Yang et al. [111]. In the same
year, Moon et al. [107] investigated the effect of an elevated floor slab, intending to propose
predictive equations for the estimation of tsunami forces on the front and back faces of an
elevated building. The results agreed with Robertson et al. [112], FEMA P-646 [101] and
Tomiczek et al. [113], where elevated structures suffered minor damage during past tsunami
and hurricane events as compared to slab-on-grade structures located in the same vicinity.
Motivated by the studies of Thusyanthan and Madabhushi [114] and Wilson et al. [115], the
most recent study by Moon et al. [116] provided insights into the wave flow mechanisms
and loading features associated with building roof types. The study attempted a hybrid
approach, involving both experimental and numerical modelling through a 40 m long wave
flume and a volume of fluid (VOF)-based model [117], respectively.

5. Challenges and Future Perspectives

The 2004 tsunami occurrence in Malaysia has undeniably led to the development of
knowledge in disaster risk management in the country and mobilized experts’ involvement
in the topic of tsunamis. Growing interest in tsunami-related research can be seen follow-
ing government undertakings such as the Sea-to-Space (S2S) cluster cross-linking major
departments, namely the National Space Agency, Malaysian Meteorological Department,
Malaysian Centre for Remote Sensing, National Oceanography Directorate and Astronautic
Technology (M) Sdn Bhd. However, although several efforts have been made, knowledge
management remains a challenge in the country. In line with the Industrial Revolution 4.0,
an IT-based system known as the knowledge management system (KMS) is the key enabler
of knowledge management. An effective KMS is an urgent need in Malaysia to manage and
share tacit and explicit knowledge in tsunami research among government departments,
agencies, NGOs and research institutions [118,119].

In this review, the hazard assessment summarized herein indicated that future tsunami
hazard exists, although Malaysia has never experienced succeeding tsunami disasters after
the 2004 event. Over the years, urbanization near the Malaysian coastline has been ongoing
rapidly, as is evident from the loss of approximately 2308 hectares of mangroves since
2012 [120]. To achieve better resilience in planning mitigation measures, it is necessary
to have a complete tsunami hazard, vulnerability and risk assessment based on high-
resolution, site-specific data. As we can see from Figures 6 and 7, the incomplete dataset is
one of the key drawbacks associated with tsunami hazard mapping. The data on the key
parameters (tsunami source, arrival time, wave height, inundation depth, runup height
and velocity) are somewhat scarce, as there are no sites with all six parameters in the
legend filled in. To fill in the data gaps, researchers should work together, undertaking
academia–industry–government collaborations and partnerships. As Dong and Luo [121]
pointed out, it is also necessary to consider earthquake precursors of multiple types, such as
seismic velocity, electrical signals and magnetic signals, in regard to predictive approaches
for seismic events. Additionally, hazard assessment methods applied in other fields, such
as set pair analysis (SPA) [122] and extended set pair analysis (ESPA) [123], will be helpful
in developing and applying corresponding tsunami models.

As an addition to this section, the classification of post-2004 research undertaken in
the country is tabulated in Table 3. Arising research focuses on coastal protections and force
estimation on structures and infrastructures (i.e., buildings, bridges and walls). Those findings
are somewhat global-type, being applicable worldwide for designing tsunami-resistant struc-
tures. Nevertheless, it is financially impractical for those low-rise coastal buildings that are
commonly for residential use to adopt such designs on both external and internal walls [104].
Considering the economic aspects and the rare occurrence of tsunamis, a step forward was
recently proposed for the design of tsunami-resilient buildings, in which the whole structure
remains resilient (in other words, able to be safely inhabited), though there is damage to the
non-structural components. The term “resilience” has therefore created a new research area in
the country.
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Table 3. Relevant experimental studies on tsunami modelling in Malaysia (in chronological order).

Ref. Wave
Maker

Model
Scaling

Bore Height/
Inundation Depth/
Wave Height (m)

Flow Velocity
(m/s)

Wave Flume’s
Width, w (m)

Structure
Model’s

Width, b (m)

Blockage
Ratio
b/w

Force
Acquisition

Frequency (Hz)
Remarks

[88] Piston-type
(wave paddle) 1:10 0.05, 0.07 - 1.50 Multiple tree

models - -
Study on effect of various

mangrove densities and tree
arrangements on wave reduction

[81] Dam-break 1:35 0.04, 0.05, 0.06, 0.08 - 0.60 0.60 1.00 -
Study on efficacy of seawall in

reducing wave height and force on
a building

[95,98] Dam-break 1:100 0.04, 0.05, 0.06, 0.08 - 0.60 0.15 0.25 - Study on wave forces acting on a
bridge model with three girders

[93] Dam-break 1:100 0.04 1.20 1.00 0.10 0.10 50

Preliminary study on
tsunami-induced force and

pressure on one- and two-storey
buildings

[94] Piston-type
(slide type board) 1:40 0.24, 0.28, 0.32, 0.36 - 1.50 1.38 0.92 -

Preliminary study on tsunami
horizontal and uplift forces on box

girder bridge

[96] Dam-break 1:100 0.04, 0.06, 0.08 1.20, 1.70, 2.20 1.00 0.10 0.10 50
Estimation of tsunami-induced

pressure on one-, two-, three- and
four-storey buildings

[97] Piston-type
(slide type board) 1:40 0.04, 0.08, 0.12, 0.16, 0.20,

0.24, 0.28, 0.32, 0.36, 0.40 - 1.50 1.38 0.92 1000

Study on horizontal force, vertical
force and overturning moment on

bridges with three to six girder
beams

[99] Dam-break 1:5 0.60 5.20 2.10 0.74 0.35 - Study on impact of tsunami
waterborne debris on structures

[102] Dam-break - 0.07, 0.08 2.80, 2.90 0.35 0.05 0.13 -
Study on impingement of

Newtonian and non-Newtonian
fluids on a vertical structure

[103] Dam-break 1:50 - 0.18 - - - -
Study on ability of various

wall-opening configurations in
reducing wave velocity
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Table 3. Cont.

Ref. Wave
Maker

Model
Scaling

Bore Height/
Inundation Depth/
Wave Height (m)

Flow Velocity
(m/s)

Wave Flume’s
Width, w (m)

Structure
Model’s

Width, b (m)

Blockage
Ratio
b/w

Force
Acquisition

Frequency (Hz)
Remarks

[105] Dam-break 1:10 0.22–0.27 1.98–2.51 1.50 1.50 1.00 1000
Estimation of tsunami-induced

pressure on a seawall fronted by
20% perforated section

[106] Dam-break 1:100 0.04, 0.06, 0.08 1.20, 1.70, 2.20 1.00
Multiple
building
models

- 50
Study on influence of nearby

buildings on tsunami-induced
pressure on a building

[107] Dam-break 1:100 0.04, 0.06, 0.08 1.20, 1.70, 2.20 1.00 0.10 0.10 50 Estimation of tsunami force on a
building with elevated floor slab

[108] Dam-break 1:8 0.2, 0.3, 0.5, 0.6 2.80, 3.40,
4.50, 5.20 2.10 0.74 0.35 -

Estimation of tsunami force on a
double-storey reinforced concrete

building model

[104] Dam-break 1:50 0.04, 0.07, 0.10 1.50, 2.10, 2.70 0.90 0.16 0.17 2000

Estimation of tsunami force on
internal wall of a building,

considering various openings and
wall configurations

[83] - 1:4 0.05, 0.10, 0.15,
0.20, 0.25, 0.30 - - - - - Study on wave transmission over a

submerged breakwater WABCORE

[84] - - 0.15, 0.20, 0.25 - 0.35 0.32 0.91 -

Study on performance efficiency of
membrane-type floating

breakwaters in dissipating the
wave energy

[116] Dam-break 1:50 0.04, 0.05, 0.06, 0.07, 0.08,
0.09, 0.10

1.50, 1.80, 1.90,
2.10, 2.40, 2.50,

2.70
0.90 0.16 0.17 2000

Study on the effect of roof types
(flat and gabled roofs) on tsunami

wave flow mechanisms and
induced loads on buildings
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6. Conclusions

The 2004 Indian Ocean tsunami unleashed catastrophe in many nations, and Malaysia
was not exempt. This review presents the relevant work on this catastrophic event from
Malaysia’s perspective. Even though tsunami waves that reached Malaysian coastlines
were substantially weaker than in neighbouring countries, the literature shown herein has
demonstrated the severe damage inflicted on coastal and inland areas along the northwest
coast of Peninsular Malaysia. The post-disaster observations on flow characteristics and
structural damage were summarized through this review, along with a rundown of tsunami
hazard assessments, post-2004 measures and research.

The studies performed in the aftermath of the disaster reflected the growing interest
among local researchers in the tsunami field. However, there is plenty of room for growth
among local researchers to contribute to knowledge development globally. Although
18 years have passed since the 2004 tsunami event, the recent episodes of the 2018 Sulawesi
tsunami and the 2022 Tonga tsunami have once again drawn worldwide attention to these
killer waves. Therefore, this review could serve as a reference for preventing future coastal
disasters in Malaysia and worldwide for the development of safer human settlements. The
information summarized throughout this review is believed to provide useful insights into
coastal land-use planning or rezoning, coastal protections and coastal structure design.
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