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Tsunami

Brian G. McAdoo
DEPARTMENT OF EARTH SCIENCE AND GEOGRAPHY, VASSAR COLLEGE, POUGHKEEPSIE, NEW YORK, USA

Introduction

Earthquakes, landslides and even meteor impacts can generate the giant sea-waves known as
tsunamis. When these low probability hazards impact highly populated and vulnerable coastlines,
they often evolve into signi!cant coastal disasters that cause hundreds of deaths and considerable
economic losses every year (EM-DAT 2010). The destructive power of tsunamis captures our
imagination – from the stories of waves generated by the eruption of Thera (Santorini) that may
have contributed to the decline of the ancient Minoans on Crete (Antonopoulos 1992), to the
images of the devastating 2004 Indian Ocean tsunami that changed the way the world views
tsunami risk. Scientists, engineers and exposed populations have a variety of tools to plan for and
respond to tsunamis, and yet disparities in environmental and socio-economic vulnerabilities have
a direct e"ect on how exposed communities fare. Long recurrence intervals and short-term
unpredictability pose further challenges.

Tropical cyclones, another coastal hazard, hit certain coastlines during a four- to six-month
period at somewhat frequent intervals (several events over the course of a 100-year period for a
given region), and even without appropriate communication infrastructure, residents can usually
recall the last major storm. However, there is no ‘tsunami season’, and they occur much less
frequently than cyclones (large tsunamis occur every 300–1,000 years for a given region). Col-
lective memory of the last major tsunami often fails, therefore planning is compromised. Yet
not all tsunamis evolve into disasters. A massive tsunami, with runup heights exceeding 20 m,
a"ected over 200 km of coastline in the sparsely populated Kuril Islands in 2006, yet it caused
no deaths nor damaged a single building as none were exposed (MacInnes et al. 2009). The
hearty coastal vegetation experienced the worst of the inundation.

While it is impossible to predict when a tsunami-generating event will occur (earthquake or
landslide and, to a lesser extent, volcanic eruptions and asteroid impacts), scientists and engineers
are becoming very good at predicting the timing and extent of the waves’ impact, and are
working on methods to incorporate interactions with exposed populations and ecosystems. By
identifying the vulnerable and resilient elements from other disasters, exposed populations can
work to indentify and strengthen critical institutions and structures (natural, social and built).
Policy-makers, scientists, engineers, the private sector, non-governmental organisations (NGOs)
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and local communities can work together to mitigate against tsunami damage by encouraging
and creating structures and mechanisms (social, physical or biological) that are meant to counter
the impact of the waves. Special care must be taken, however, to ensure that these structures
and mechanisms do not cause unanticipated short- or long-term problems that might ultimately
make the communities more vulnerable.

Tsunami risk

Tsunami risk is a function of both the hazard and vulnerability. Hazard refers to the actual
physical process involved, while vulnerability is the compounded e"ect of the exposure and
susceptibility of people and their assets to the impact of the hazard as well as their capacity to
anticipate, cope and recover (Wisner et al. 2004). Therefore, understanding tsunami risk
reduction necessitates a multi-faceted approach.

Hazard

Tsunami (!!) comes from the Japanese words for ‘harbour’ (tsu, !) and ‘wave’ (nami, !), as
the shape of natural harbours tends to amplify the wave. Tsunamis are a series of gravity waves
that propagate in all directions from a large movement of water, usually in the oceans but also in
inland seas, fjords or lakes (see Table 27.1). These mass movements of water can be triggered by
landslides that either occur entirely underwater or fall from the land into the water, volcanic
eruptions and even very rare meteor impacts. The larger the displacement of water, the larger the
tsunami. Depending on where they hit and on how vulnerable coastal communities are, the
larger the devastation on nearby and possibly far away coastlines. However, the vast majority of
destructive tsunamis are generated by submarine earthquakes.

Subduction zone earthquakes around the Paci!c Ocean, the eastern Indian Ocean, as well as
the Caribbean and Mediterranean Seas generate the vast majority of tsunamis. These subduction
zones exist where two of the rigid plates that cover the Earth’s surface collide head on and one
plate is forced to slide beneath the other. This sliding, however, is not smooth – friction at the
contact between the two plates causes them to stick. When the stress at this interface builds
high enough to exceed the friction between the plates at the boundary, the plates rapidly slide
past one another creating an earthquake. The size (or magnitude) of the earthquake is related to
the area of this stuck interface (or length of the subduction zone) and the amount of time that
has passed since the last earthquake, and in general the bigger the earthquake the bigger the
tsunami. While subduction zone earthquakes greater than Magnitude 7 on the Richter scale
have the potential to generate damaging tsunamis, it is important to point out that not all large-
magnitude subduction zone earthquakes produce tsunamis, nor is a large-magnitude earthquake
required to generate a tsunami.

In the aftermath of a major earthquake and tsunami, people often fear that aftershocks will
generate subsequent tsunamis. Aftershocks are smaller, stress-relieving earthquakes that follow major
earthquakes. They drop o" in size and frequency over time, and do not tend to generate tsu-
namis. Doublet earthquakes, where a large-magnitude earthquake triggers a second in an adja-
cent region, do have the potential to generate damaging tsunamis, as was the case in the Sumatran
earthquakes in 2004 (Mw = 9.2) and 2005 (Mw = 8.7). In any case, if the ground in coastal
areas shakes hard for more than thirty seconds, people should move quickly to higher ground.

While earthquakes are the dominant source, other phenomena can generate tsunamis (see
Table 27.1). Landslides, both those that occur on land next to a large body of water or under-
neath the water surface, may generate a tsunami (e.g. Nisbet and Piper 1998). In 1929 a Mw = 7.2
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earthquake triggered a landslide o"shore Newfoundland, and as the failed material moved
downslope a tsunami was generated that caused waves greater than 7 m high on the adjacent
shoreline, killing twenty-eight people. Another relatively mild earthquake (Mw = 7.1) in 1998,
o"shore Papua NewGuinea, presumably caused an underwater slump that generated a 15-m-high
tsunami which killed over 2,000 people (Tappin et al. 1999). The largest tsunami ever recorded
was the result of a landslide in Alaska in 1958, when a Mw = 7.9–8.3 earthquake shook loose a
30 million m3 landslide that fell into the head of Lituya Bay, generating a 524-m-high tsunami
(Miller 1960). These events can be particularly dangerous because the earthquake shaking is not
indicative of the size of the tsunami.

Volcanic eruptions on subduction zones have also generated deadly tsunamis. The explo-
siveness of these volcanoes, as compared to those within oceanic plates that tend to have more
#uid eruptions (e.g. Hawaii), can cause the caldera to collapse below sea level, and as the water
rushes in to !ll the void, a tsunami is generated. This was likely the case in the eruption of
Thera (Santorini) in 1650 BCE, and Krakatau in 1883 BCE. Asteroid impacts can also generate

Table 27.1 Signi!cant prehistoric and historic tsunamis

Name Location Cause Effects

Støregga
(7000 BCE)

Offshore Norway Submarine landslide Possible coastal Celtic population
resettlement at St Andrews,
Scotland

Thera/Santorini
(1650 BCE)

Greece Volcanic eruption Possible contributor to the decline
of Minoan civilisation

Cascadia
(1700)

North-west USA,
southwest Canada

Subduction zone
earthquake

Relocation of Native American
populations, recorded in Japan

Lisboa
(1755)

Portugal Earthquake Added to the destruction of Lisboa,
affected colonialist aspirations

Krakatau
(1883)

Indonesia Volcanic eruption 35 m high tsunami killed
30,000 in Sumatra

Sanriku
(1896)

Japan Subduction zone
earthquake

‘Tsunami earthquake’ – low
magnitude, big tsunami. Killed
22,000, started Japan’s tsunami
preparedness

Grand Banks
(1929)

Newfoundland Submarine landslide Killed 29 in Canada’s worst
earthquake-related disaster to date

Aleutians
(1946)

Alaska Earthquake Possible tsunami earthquake in
which 165 people died. Led to
establishment of Paci!c Tsunami
Warning Center

Sissano Lagoon
(1998)

Papua New Guinea Earthquake/landslide? Landslide or tsunami earthquake
debated – 1,200 killed

Indian Ocean
(2004)

Sumatra, Andaman
and Nicobar Islands

Subduction zone
earthquake

250,000 people killed in a dozen
Indian Ocean countries – led to
establishment of an Indian Ocean
tsunami warning system
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tsunamis. The impact that de!ned the boundary between the Cretaceous and Tertiary Periods
(60 million years ago) hit a shallow ocean o"shore present-day Mexico, generating a tsunami
that was 50 m–100 m high when it reached present-day Texas (Bourgeois et al. 1988).

Once a tsunami is generated, the displaced water radiates out in all directions, as when a
pebble is thrown into a lake. The velocity of the wave increases with the water depth – a tsunami
in the open ocean may be only centimetres high, but travels at speeds of up to 700 km/hr –
about the speed of a commercial jet aeroplane. A tsunami generated in South America can take
up to !fteen hours to reach Hawaii, over twenty hours to reach Japan, but less than twenty
minutes to hit the coastline closest to the epicentre. As the wave approaches land and the water
shallows, bottom friction slows the tsunami and it begins to build in height as faster moving
water piles up behind it. Computer models use the ocean water depths to calculate when the
tsunami will hit coastlines surrounding the region, and how big the wave will be when it
strikes.

The travel time between the source of the tsunami and a given coastline is critical when
considering risk reduction measures. It may take a tsunami as little as a few minutes to reach the
‘near !eld’ area closest to the epicentre that undergoes strong shaking. As the wave approaches
these near !eld shorelines, it is often the trough of the wave that hits !rst, which manifests itself
as the ocean rapidly receding, exposing the sea#oor. Curious onlookers, unaware of the hazard,
explore this newly uncovered sea#oor and are often the !rst casualties when the inevitable peak
follows. Destructive tsunamis often have wave heights at the coast of between 5 m and 10 m,
and travel inland at velocities too high for people to outrun, especially when carrying personal
belongings and helping the very old in heavy tra$c with debris possibly blocking exit routes.
Depending on the nature of the landscape (#at, heavily vegetated or developed, etc.), the wave
can proceed inland for kilometres (inundation distance, see Figure 27.1).

While strong shaking on land near subduction zones is a natural early warning for the near
!eld populations, those outside the region that felt shaking (far !eld) have no such warning.
The tsunami often approaches the shoreline as a ‘positive’ wave (crest leading), which does not
allow for the receding ocean to serve as a warning. Tsunamis that occur in countries in closed
basins such as the Mediterranean and Caribbean Seas are particularly vulnerable because of the
short near !eld travel times. Further away, like in Sri Lanka, where it took the 2004 tsunami
some two hours to reach the coast, no shaking was felt and the only warning to those who
happened to be looking out to sea was a strange white (or sometimes black) line on the horizon
as the turbulent wave approached.

Figure 27.1 Tsunami terminology
Note: The tsunami wave height refers to the elevation of the tsunami above sea level at a given
location. The "ow depth is the height of the water above ground. The inundation distance is the
distance the wave travelled inland, perpendicular to the coastline, and the runup elevation is the
height above sea level at this point.
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Vulnerability

Tsunamis a"ect people, settlements and ecosystems in a variety of ways. For instance, some
populations rely on inshore !sheries for both food and income, and use mangroves for building
material and fuel. Mangroves also stabilise the coast and protect it from storms and tsunamis. Even
where people do not directly depend on coastal biological resources for their livelihoods, they
rely on healthy coastal ecosystems; however, their dependency is indirect, and their vulnerabilities
tend to lie in the built environment. Trends from recent disasters suggest that similar hazards
produce larger loss of life but smaller monetary losses in low-income nations than in richer nations
(EM-DAT 2010). Wealthier nations exposed to tsunami hazard such as the USA, Japan and New
Zealand tend to have appropriate and enforced building codes, integrated warning systems and
disaster management plans, along with resources available to support areas after an event occurs.
Furthermore, in all nations it is often the wealthier, less vulnerable of the population as well as
tourists who choose to live by or visit the coast for its aesthetic and recreational o"erings.

Many communities, especially those in countries along the Paci!c Rim including the Phi-
lippines, Indonesia and other Polynesian, Melanesian and Micronesian countries, rely on the
land and sea for their livelihoods and food security. If ecosystems that support these activities are
damaged either before or during the earthquake and tsunami, populations will be less able to
recover. During the 2007 Solomon Islands earthquake and tsunami, fringing and barrier reefs on
the island of Ranongga were lifted up to 3 m above sea level in places. This not only killed the
coral, which will a"ect the reef !shery, but also adversely a"ected the recreational diving
industry that accounts for up to sixty per cent of the region’s income, and adversely a"ected the
ability to deliver aid to a"ected communities (McAdoo et al. 2008). In the rural areas outside of
Pangandaran on Indonesia’s Java Island, the 2006 tsunami inundated low-lying rice padi,
destroying crops and salinating soils, which a"ected food security. Coastal aquaculture industries
damaged by the 2004 Indian Ocean tsunami are being rebuilt with the goal of providing local
jobs and products for export; however, they occupy a sensitive niche in the intertidal ecosystem
where mangroves could be established. In Thailand the owners of aquaculture schema are not
always local residents, and the local populations realise few bene!ts from the operations
(Sathirathai and Barbier 2001). The decision as to whether these aquaculture ponds are to be
rebuilt or the intertidal ecosystem restored must ultimately be made at the local level with the
costs and bene!ts analysis informed by data from experts in the !eld.

In both wealthy and less a%uent nations, coastal ecosystems provide a variety of important
protection services (Sudmeier-Rieux et al. 2006) (see Chapter 32). In the tropics, fringing and
barrier coral reefs and lagoons re#ect and di"use tsunami energy. Unfortunately, villages tend
to be located at breaks in the reef where natural or sometimes arti!cial channels focus tsunami
energy, increasing the wave’s amplitude, making it more destructive. Sandy beds of turtle grass
that o"er habitat for several important species also stabilise sediment that can bu"er against the
surges, and is the one coastal ecosystem that showed a positive correlation with lowered tsunami
heights during the 2004 Indian Ocean tsunami (Cochard et al. 2008). Mangrove forests and
other coastal wetlands o"er a vast array of ecosystem resources, from nurseries for o"shore !sh
species, to !rewood for humans, and have evolved to absorb a certain amount of wave energy.
But the rare tsunami that exceeds the height of the forest can rip up trees, turning them into
projectiles that can cause additional damage to structures. The more robust the coastal ecosys-
tem, the more e"ectively the local human population, and the ecosystem on which they rely,
will be able to deal with the disaster.

Densely populated coastal cities that lie directly adjacent to active subduction zones are most
vulnerable to the e"ects of tsunami. On 30 September 2009, a large-magnitude subduction
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zone earthquake devastated the Indonesian city of Padang (population ~800,000) on Sumatra’s
west coast, killing an estimated 1,100 people and displacing another 1.2 million from their
homes and jobs (UNOCHA 2009). Fortunately, the earthquake was too deep (81 km) to
generate a tsunami. Had the earthquake occurred closer to the trench, the damage in Padang
may not have been as severe, but it could have generated a tsunami. Tsunamis can be more
destructive in areas close to the earthquake’s epicentre, where the shaking has weakened
buildings that are then exposed to the tsunami, as was the case in Banda Aceh to the north.

Following the shaking of a large coastal earthquake, people often seek refuge inside their
homes if they appear at least super!cially sound. In the village of Gleebruk in Indonesia’s Aceh
Province, survivors of the 2004 Indian Ocean tsunami reported that a family was killed when,
upon hearing the approaching tsunami, which was described as a very loud roaring with

Box 27.1 Effects of the September 2009 tsunami on Samoan !shing
communities

Joyce Samuelu Ah-Leong
Samoan Ministry of Agriculture and Fisheries, Fisheries Division, Samoa

On 29 September 2009 a powerful earthquake followed by a devastating tsunami
struck the shores of the Samoan archipelago, killing 148 people and badly affecting the
lives of coastal communities for which !shing is an essential livelihood. The loss of
relatives and loved ones was the hardest, and the realisation by these communities that
the sea that they depended mainly on for livelihood was also the destroyer.

Straight after the tsunami the people "ed their coastal homes, or what was left of
them, and made homes on their interior and higher lands. Fishing equipment was
damaged and people’s priorities were set on the rebuilding of their homes. Normal
!shing activities were thus halted for almost four months, although most of these !sh-
ermen are subsistence !shers. In fact, during the reef assessments in tsunami-affected
communities by the Fisheries Division in December 2009, there were no signs of any
!shing activities, and the coastline and the marine area were still littered with debris
from the tsunami.

The absence of !shing meant that people had to !nd food elsewhere. Most !sher-
men’s families actually turned to food donated by the government or resorted to the
very many donations from overseas Samoans that poured into the country after the
tsunami. The few !shermen from the affected districts were not seen selling their catches
after the tsunami, which is still the case today. However, this did not affect the overall
landings of the inshore resources as most of the sellers are from non-affected areas.

The government, NGOs and international organisations such as the United Nations
Development Programme, the Food and Agriculture Organization and the Paci!c
Regional Environmental Programme initiated a cleanup campaign which slowly won
the people’s support and the villagers became involved. This also encouraged people to
access the sea and resume !shing. The government is prioritising the recovery of the
affected !shing communities. The Samoan Ministry of Agriculture and Fisheries helps in
restocking the main edible bivalves and other invertebrates, and in restoring marine
habitats through the reconstruction of coral reefs and the building of arti!cial !sh
houses. The government also has distributed !shing gear and contributed to the
restoration of damaged commercial !shing vessels.
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occasional ‘booms’, they ran into their house and locked the doors, thinking it was an escalation
in the armed con#ict between the Indonesian military and the Acehnese separatists. This may
have been a reasonable response in a community that had been a"ected by this con#ict for
twenty-!ve years prior (Gaillard et al. 2008b), and where the last tsunamis were in the years
1907 and 1350 (Monecke et al. 2008). In the small village of Asili on American Samoa, school
children had been educated on tsunami hazard by the US Department of Homeland Security
some six months prior to the 29 September 2009 event. When they felt the large earthquake,
the tsunami hazard they were facing did not register until they saw the lagoon emptying as the
sea retreated. All the children and their families, save one, rapidly evacuated to higher ground,
and none were killed. Unfortunately, a Korean family that had opened a shop in Asili only
four months prior did not receive the information and ran back to their shop to protect their
goods from feared looting. Two of the four family members lost their lives as their refuge was
washed away.

Mitigation efforts

People in exposed communities must work hand-in-hand with scientists, development agencies
and policy-makers to recognise the nature of the hazard and vulnerabilities before attempting
mitigation measures. The !rst step is to work with geoscientists to understand the nature of the
hazard: How often do tsunamis come, and how large are they when they hit? Then the com-
munity must identify the most vulnerable structures, people and resources, and decide how it will
mitigate the risk. Will they spend money on advanced communication infrastructure to tie into a
regional early warning system? Should they develop strict building codes and invest money in
inspection and enforcement? Is the loss of land and access to resources that would result from
implementation of a bu"er zone worth the cost of protection? While the answers to these
questions should be based on the available scienti!c data, the decisions ultimately lie with
the local community that will have to live with and implement the solutions. It is also crucial to
ensure that the means of protection are fairly available and accessible to all sectors of the com-
munity, including the most marginalised and usually vulnerable people.

Tsunami science

The frequency and magnitude of past tsunamis is one of the more helpful pieces of information
that should be used to decide on tsunami mitigation measures. While the historical record of
earthquakes and tsunamis is perhaps the most reliable, palaeotsunami data can extend the record
to prehistoric times. A turbulent tsunami can pick up sand from o"shore and deposit it in
marshes, and sometimes on uplifted terraces, where trained geoscientists can determine the age of
the deposit and sometimes how big the tsunami must have been. If conditions are right, several
such layers of sand can be preserved, and a tsunami recurrence interval can be determined. A
tsunami that occurs in a given location once every 200 years will elicit a di"erent mitigation
response than the same size tsunami that occurs once every 1,000 years.

Risk assessment

After the nature of the hazard is determined, an overall assessment of the risks contributes towards
developing community awareness, and hence can reduce risk. This assessment can be done by a
variety of people, from national and local governments and community-based organisations to
academic researchers, NGOs and UN agencies. Interested parties from outside the community
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must work with exposed coastal communities to determine how they live within the coastal
zone, and how well their structures might respond to the hazard, be they environmental (eco-
systems, landforms), physical (buildings, roads, ports, communication, etc.), economic (agri-
culture, aquaculture and !shing activities, businesses, banks, insurance) or social (people’s
networks and interrelationships, religion, communication). A community that relies heavily on
local environmental resources (!sheries, agriculture, tourism, etc.) will assess the health of their
ecosystem to determine their vulnerability. Coral disease and bleaching, destructive !shing
practices, mangrove fragmentation, sand dune modi!cation, etc. a"ect not only the propagation
of the waves, but the system’s ability to recover after the event, and to provide resources for
rebuilding after a tsunami hits. With the interconnectedness of these systems, it is vital that all
outside actors work in concert with the exposed population to understand the linkages.

Box 27.2 TSUNARISQUE: an integrative project for reconstructing
and reducing the risk of tsunami disaster

Franck Lavigne
UMR 8591 Laboratoire de Géographie Physique–CNRS, Université Paris I, France

Junun Sartohadi
Research Center for Disasters, Gadjah Mada University, Indonesia

The 26 December 2004 tsunami triggered an unprecedented disaster throughout the
Indian Ocean. In Indonesia one-third of the city of Banda Aceh was "attened and
70,000 people died because of exceptional waves (up to 30 m high) which affected
vulnerable coastal communities. The TSUNARISQUE project conducted in Banda Aceh
and neighbouring areas between 2005 and 2007 involved French and Indonesian
scholars from various disciplines, including tsunami modellers, geologists and geophy-
sicists, geomorphologists, human geographers, historians and anthropologists.

The project encompassed: (1) the chronology and dynamics of the tsunami, through
measurements of runup, wave height, "ow depth, "ow direction, bathymetry and
topography; (2) the scope of structural damage; (3) the environmental imprint of the
tsunami, including water and soil salinisation, beach erosion, destruction of sand bar-
riers protecting the lagoons or at river mouths, bank erosion in the river beds, boulder
transportation and deposition, and sand deposition; and (4) the identi!cation of the
underlying social causes for the disaster, based on questionnaire surveys among affected
communities and interviews with key informants.

The project bridged some gaps in the scienti!c understanding of extreme-magnitude
tsunamis. The project open-source database (www.tsunarisque.cnrs.fr) provides research-
ers with data for better calibrating numerical models. A careful analysis of these data
shows a signi!cant discontinuity in the tsunami "ow depths along a line approximately
3 km inland, which is likely where the front of the wave broke. Damage to buildings
re"ects the propagation of the wave, with less damage beyond the line where the front
of the wave broke. The project therefore enabled provision of a quantitative scale of
tsunami damage intensity. In parallel, social scientists emphasised the importance of
different local contexts, especially ethnic histories and the transmission of tsunami warn-
ing knowledge, in explaining the unequal scope of damage throughout the province of
Aceh (see Chapter 38).
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Buildings

The quality of the built environment is one of the critical factors that underlies the overall
vulnerability of populations exposed to earthquake and tsunami hazard. Ultimately, the quality of
buildings is an economic decision made by the builders at the local level, and these decisions must
be made with an understanding of the hazards and vulnerabilities. Structures should be built to
codes designed with the hazard in mind, with high-quality, reinforced concrete and a #ow-
through design that allows water to move through with fewer obstacles. In areas with appropriate
and enforced building codes, structures from specially designed escape buildings and bridges can
be used as refuges during tsunami inundation in regions with high, near !eld population densities.
In Japan, special evacuation buildings have been designed to withstand the largest earthquakes
and tsunamis, and similar structures have been built in Meulaboh and Banda Aceh in Indonesia’s
Aceh Province (see Figure 27.2). This level of quality requires substantial investment and their
allocation must be informed by the frequency of recurrence – a structure must survive until the
next tsunami, which could be 100–500 years distant (Monecke et al. 2008). The decision to
design against these low-probability, high-impact events must be made not only with the hazard
exposure in mind, but also the societies’ willingness to accept a given degree of risk based on the
probability of occurrence of a hazard and the impact on their livelihoods.

Coastal zone planning

Infrastructure planned, designed and located with informed awareness of risks is essential for
contributing towards risk reduction. Approaches will vary between communities, from shoring
up the docks at a !sh processing facility to constructing new bridges along a coastal evacuation
route. Should !nancial institutions and businesses be moved, or should they remain in place to
better support daily economic activity? Where are the schools and how well are they built? Is the
hospital better o" in an exposed but central location, or in a harder-to-reach location on the
outskirts of town, but away from the hazard? How are these elements spatially distributed?
Tsunami mitigation policies put in place by the communities that are impacted by the decisions
must include inputs from engineers, social and natural scientists, as well as international actors that
may or may not be present to support mitigation activities.

Beyond its scienti!c value, the project also strengthened the capacity of the Indo-
nesian scienti!c community. High-tech measurement devices (e.g. an electronic theo-
dolite and distance meter, laser range !nders, GPS Geoexplorer, etc.) were turned over
to local partners, i.e. the Centre for Disasters Studies (PSBA) of the Gadjah Mada Uni-
versity (UGM) and the Indonesian Meteorological and Geophysical Agency (BMG). As
young, local researchers were fully involved in the !eld activities they acquired the skills
required to handle these tools.

Finally, the project provided space for an NGO to collaborate with scientists. The
NGO Planet Risk drew on the results of the project to develop a tsunami awareness
campaign in Java. This included exhibitions of photographs and posters, distribution of
lea"ets and the creation of a permanent tsunami awareness centre in Parangtritis,
Central Java. Another signi!cant feature of the awareness campaign was the multiple
screening of a documentary !lm made as part of the project. This movie featured locals
acting as they had to face a pending tsunami threat. All these materials were prepared
in close collaboration with local partners to ensure that they !tted within the local
cultural context.
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One potential challenge facing local decision-makers and investors has to do with the
recognition of short-term vs. long-term bene!ts realised by both the actors and the local
populations. Outside investors and donors might have agendas that are at odds with the local
communities. For example, many international NGOs had money earmarked for post-tsunami
mangrove ecosystem restoration in Aceh following the 2004 tsunami. In some cases, the local
communities sought to have the ecologically damaging, yet job-providing aquaculture industry
restored. In their eyes, the short-term (and possibly long-term) bene!ts of !sh and shrimp
farming exceeded the long-term payo"s that would result from supporting healthy ecosystems,
plus some locations felt that healthy ecosystems and small-scale shrimp farming were mutually
compatible. Despite a well-voiced knowledge that healthy coral reefs o"ered some protection
against the tsunami in Sri Lanka, post-tsunami coral mining progressed, driven in part by the
need for building material. This foreseeable clash of values must be carefully negotiated.

Coastal zone setbacks designed to act as bu"ers against tsunami and storm surges are another
controversial policy that emerged in many Indian Ocean countries following the 2004 tsunami.
In Indonesia, Sri Lanka and Thailand coastal communities a"ected by the tsunami were relo-
cated by the government for a variety of stated reasons. On Indonesia’s Simeulue Island (Aceh
Province), for example, the coastal community of Latiung (which was only minimally a"ected

Figure 27.2 Intertwined measures to face tsunami hazard in Banda Aceh, Indonesia
Note: This !gure illustrates some of the multiple ways in which exposed communities reduce their
risk of tsunami disasters. In the foreground, aquaculture ponds, stabilised with mangrove seed-
lings, will provide food and income for coastal zone residents. Fishing boats use the intertidal
zone for safe harbours, as well as access to markets. In the event of another tsunami, residents
can seek refuge in a tsunami evacuation structure (background), designed by the Japanese gov-
ernment to withstand very large-magnitude earthquakes and substantial tsunami inundation.
Source: Photograph by Brian McAdoo
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by the 2004 and 2005 tsunami) was moved several kilometres inland, ostensibly to protect them
from future tsunamis, but in reality to provide a labour force for an oil palm plantation owned
by a government o$cial. Aceh, however, does not have the pressure from tourism and other
industries that encouraged the setbacks in Sri Lanka and Thailand. In 2005 the Sri Lankan
government hastily enacted a mandatory 100 m ‘no build zone’ designated as a ‘green belt’, but
this was quickly reduced to 35 m after public pressure (Pattiaratchi 2005). In Thailand, how-
ever, coastal residents were removed from their property, designated as ‘public land’ by the
government, so that tourism and access to natural resources could be pursued (Human Rights
Center 2005). It is important to point out that in each case justi!cation for the setbacks was
based on politics and economics, not on the recurrence interval of the hazard.

Setbacks can also help protect the natural bu"ers such as coral reefs, coastal vegetation or sand
dunes that tsunamis may encounter as they approach shorelines. This natural coastal environment
may de#ect the wave energy and cause it to be dissipated, thus providing some natural protec-
tion from such high-energy waves. While the ecosystems provide a valuable bu"er to coastal
communities, economic development that may be at odds with the ecosystems could ease poverty
and hence vulnerability. Thus decisions are necessary concerning how best to manage devel-
opment and ecosystems. The rural poor usually rely on natural resources for their livelihoods
and therefore want to exploit coastal resources in ways that may decrease the natural vegetation.
It is the urban poor who are usually most at risk from tsunamis. So a balanced approach to coastal
land use has to be adopted. In principle such an approach can be informed by a set of tools for
use in preparing for and mitigating the e"ect of tsunami. This includes local knowledge of past
events and engineering structures that can withstand the stresses of both the tsunami and the
earthquake (if near the source), and policies from the national to local levels that include land-
use planning, risk awareness and agency co-ordination (Jonientz-Trisler et al. 2005).

Early warning systems

Working hand-in-hand with coastal planning and educational activities, early warning systems
have proven e"ective in countries of the Paci!c basin (Gonzalez et al. 2005). These systems are
based on instrumental responses to large, potentially tsunami-generating earthquakes, but must be
linked with careful pre-event planning at the country, regional and local levels (Kelman 2006).
Evacuation planning is key to e"ective implementation: escape routes aim to be clearly marked,
and communities are aware as to what to do during an evacuation to avoid congestion. Special
care must be taken for those in the near !eld, where travel times are shorter, and in countries that
do not have the resources to support the infrastructure of a permanent warning system. While a
country like Japan exposed to frequent tsunamis can and must a"ord to make these investments,
countries like Indonesia, the Philippines and small island states in the Caribbean and western
Paci!c must pick and choose based on what they consider acceptable risk and what they can
a"ord, keeping in mind that the tsunami warning system was developed as an international public
service with most information freely available to anyone, including national governments. As
well, donors sometimes make decisions regarding which systems to implement and which not to
implement, as demonstrated by the challenges in developing an Indian Ocean tsunami warning
system (Kelman, 2006), meaning that the poorer countries often do not have a say.

Awareness

While coastal communities consider mitigation e"orts focused on physical and ecological
resources, perhaps the most important issue is awareness. In the near !eld, where the travel times
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of tsunamis are mercilessly short, populations must be aware of the hazard and advised of the
warning signs, and not wait for an o$cial noti!cation from a central authority (Dengler 2005).
Indeed, hazard awareness is the !rst step to reducing the risks posed by tsunamis, and forms the
foundation of actions that can be taken should an event occur. As demonstrated in the case from
American Samoa described earlier, the combination of awareness and an action plan saved
countless lives. The community at Asili was bolstered by an outside agent, in this case the US
Department of Homeland Security, to remind them of the hazard and o"er advice on how to
react. In some more isolated, less transient communities like those on the small islands of Thailand
and Indonesia as well as the Solomon Islands, cultural memory is preserved, and the indigenous
populations devise their own responses. It is imperative to assess local knowledge at the com-
munity level (as it relates to hazard awareness), so that information o"erings from governments
and NGOs may be integrated rather than imposed.

Conclusions

On average, every year tsunamis kill hundreds of people and cause millions of dollars of damage
(EM-DAT 2010). The visceral media images from recent events like the 2004 Indian Ocean
tsunami have heightened awareness of the hazard. Yet despite this increased awareness, hundreds
of lives have been lost in subsequent events, and lots of work needs to be done to mitigate against
future events. Tsunami scientists are also adding critical data to the discussion, by constraining the
location, frequency and magnitude of potential events, and learning how the waves interact with
the physical, biological and human environments. Communities, once aware of the hazard, work
to determine their vulnerabilities and shore them up with well-informed mitigation e"orts
focused on the natural, built, economic and social environments. Early warning systems that link
high-tech earthquake location and tsunami detection with in-country networks and local
knowledge are revolutionising the way in which exposed communities deal with tsunamis, from
communication networks to evacuation planning and awareness campaigns. By making con-
nections between the hazard and the vulnerable parts within communities, tsunami risk reduction
is tenable.
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