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Executive Summary  

The 26 December 2004 tsunami caused about 220,000 casualties and devastated large areas 
along the coastlines of Indonesia, Thailand, Malaysia, Myanmar, Sri Lanka, India, the 
Maldives and even some parts of the east African coast. The tsunami was initiated by a 
gigantic magnitude 9.3 earthquake caused by propagating stress release on the subduction 
zone created by the steadily ongoing NE movement of the Indo-Australian plate under the 
Burma/Sunda plate (along the Sunda Arc). 
 
The study presented in this report was launched in July 2005 as an 8-month, fast-track study 
to assist the authorities in Thailand with development of plans for how to deal with the 
future tsunami risk in a short term, as well as in a long term perspective.  
 
The earthquake caused vertical seabed movements of up to 4-5 m over a total area of about 
1200 km by 300 km. Along the most affected part of the west coast of Thailand, the 
generated tsunami led to an inundation or flooding level from about +5.0 m to + 10-12 m 
above the mean sea level. These inundation levels have been confirmed by numerical 
simulations presented in this report. 
 
The Sunda Arc is an active fault zone with frequent earthquakes. Based on a detailed study 
of earthquake statistics, as well as plate tectonics, the following main conclusions were 
drawn: 
 

1. The 26 December 2004 earthquake was a megathrust event that has released much 
of the energy that was accumulated along the northern part of the Sunda Arc 
subduction zone as a result of the steadily ongoing plate movements. Such 
megathrust events are periodic in nature and it is conservatively concluded that it 
will take at least 300 to 400 years before an event of similar magnitude and 
consequences will occur again.  

 
2. Within the next 50-100 years, the largest credible earthquake to be prepared for 

along the parts of the Sunda Arc that could cause a tsunami hitting the coasts of 
Thailand, is a of magnitude 8.5 . The estimated return period of an M 8.5 earthquake 
event is of the order of 200 years. 

 
3. An M 8.5 earthquake could cause a tsunami which at the most gives an inundation 

or flooding level of 1.5 to 2.0 m above sea level along the west coast of Thailand. If 
this occurs at normal high tide, it would correspond to a water level of +2.5 to +3.0 
m above the mean sea level.  

 
4. For an M 8.5 earthquake and tsunami scenario, the potential risk to human life and 

property in Thailand will be small and can be regarded as tolerable. The main reason 
for the small risk is that land areas behind the beach front generally lie above level 
+3 m along most of the west coast of Thailand, and thus will not be affected by the 
potential tsunami. 
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5. After about 100-200 years, the potential for earthquakes larger than M 8.5 will 
increase gradually. The same applies to the possibility of generating larger tsunamis 
than that for the M 8.5 earthquake scenario.  This implies that, as time passes by, the 
tsunami risk will gradually increase from tolerable to highly unacceptable.  

 
The conclusions above are based on the present knowledge and understanding of the 
tsunami generating seismic scenarios. The conclusions have been reviewed by external 
seismology experts and they are largely consistent with recently published studies of the 
seismic potentials along the Sunda Arc.  The conclusions, therefore, represent a reasonable 
broad consensus regarding the assessment of earthquake and tsunami risk scenarios in the 
next 50-100 years.  
 
If a tsunami strikes during a storm, the combination of the tsunami wave and the storm 
surge will increase the inundation levels and thus the potential impact of the tsunami. 
However, because of the low probability that these two independent events will occur at the 
same time, the increased risk because of this combination is marginal. The risk to human 
life might actually be lower for the combined tsunami wave and the storm surge event, as 
the beaches will be less populated during a storm. Therefore the combined tsunami – storm 
surge event is not considered in the design of mitigation measures. 
 
Tsunami risk is defined as the product of tsunami hazard, i.e. the annual probability of 
occurrence of a tsunami, times its consequence in terms of economic loss and/or loss of 
human life. One cannot influence the earthquake and tsunami hazard, but one can mitigate 
their consequences. An assessment of the tsunami risk is terms of the potential for loss of 
human life found the societal risk due to potential future tsunamis to be tolerable for 
Thailand in the next 100-200 years. However, the risk increases rapidly afterwards and the 
long-term risk is definitely unacceptable if no risk mitigation measures are taken. It is the 
duty and responsibility of the present day society to be proactive in mitigating the 
unacceptable long term risks.  
 
If no risk mitigation measures are planned and implemented in the reasonably near future, it 
is likely that the long term tsunami risk will be forgotten within the next 50 years or so, 
because no significant tsunamis are likely to occur within such a time frame. The collective 
memory of the society in relation to natural hazards with long return period has repeatedly 
been proven to be short. It is therefore recommended that the authorities in Thailand already 
now plan for implementation of some mitigation measures that can reduce the exposure to, 
and consequences of, severe tsunamis to future generations. 
 
In the short term perspective of the next few years, it is important to take steps to ensure a 
lasting long term awareness of the tsunami risk. Such lasting mitigation or risk reduction 
measures may for instance be in the form of “monuments” constructed along the coast that 
will give a clear warning to future generations about the tsunami risk to come. Such 
monuments can also be designed to act as part of physical protection measures against 
tsunamis. 
 
One should also consider including tsunami risk in the school curriculum and textbooks and 
establishing a yearly national tsunami or natural hazard day.  
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It has been outside the scope-of-work for this project to deal directly with warning systems. 
However, following the 2004 tsunami, significant efforts have been made by affected 
countries, including Thailand, and international organisations, to establish a tsunami 
warning system for the Indian Ocean region. Thailand has engaged itself in this work and 
has already developed plans for and started implementing a tsunami warning system. On the 
basis of this study, a tsunami warning system may not be strictly required for Thailand in 
the short to medium term (within the next 50-100 years). However, it will be more 
important in a longer term perspective, and it will in any case help maintain the public 
awareness.  
 
To ensure the long term awareness, Thailand and other countries exposed to similar hazards, 
are strongly encouraged to centralize all their efforts in dealing with warning against all 
kinds of natural hazards, be it tsunami, flooding, landslides, storm surges etc. The same 
applies to hazard mapping, and how to deal with a a catastrophic event when it first occurs. 
 
In the short term perspective, it is also recommended to developed specific plans for 
physical measures that over time can be implemented to reduce the tsunami risk. At least 
some of the recommended physical measures should be implemented in a short to medium 
time framework, say the next 5 to 10 years, to serve as examples for the future. It is also 
important that measures are taken to ensure that land areas are available for mitigation 
measures in a long term perspective. 
 
It was part of the scope-of-work for this project to recommend mitigation measures that 
may be applicable to three typical areas:  
 

• The city of Patong on the Phuket Island located on an alluvial fan at the base of a 4 
km wide bay. 

• The Bang Niang tourist resort areas stretching for about 12 km north of Khao Lak in 
an area with long and wide beaches. 

• The Nam Khem fishing village  
 
The recommended mitigation measures include the following main elements: 
 
1. Implementing new requirements to land-use planning and establishment of new building 

codes to reduce exposure to and/or consequences of future tsunamis.  
 
2. Establishing escape routes that are well marked and easily accessible and which lead to 

areas or places that are safe from tsunami. Such safe areas may be artificially elevated 
land areas, or buildings and structures accessible to all.  They should be possible to 
reach within a distance of about 500 m.   

 
3. Constructing artificial walls or dikes to limit the impact and inundation level of 

tsunamis. This may have particular merit for Patong City and Ban Nam Khem fishing 
village, but locally also for other areas. 
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4. Raising the ground level (vertical land reclamation) where buildings are to be 
constructed in the future. This may be a particularly attractive option for the further 
development of the Bang Niang tourist resort areas, and to some extent also in Nam 
Khem fishing village. 

 
5. Ensuring that future buildings will not be damaged and that sleeping areas are at a level 

which is safe from tsunamis. This in consideration of to what extent measures 3 or 4 
have been implemented to limit the tsunami inundation level. 

 
The work presented herein was also intended to be of some general use to other countries 
around the Indian Ocean that may be exposed to future tsunamis. For that purpose a number 
of workshops and seminars were arranged with invited participants from such countries.  
 
It is the opinion of NGI that country-specific studies should be carried out also for other 
countries in the region. Such studies will form a rational basis for long term development 
and mitigation measures and design of warning systems. Such studies might show that the 
short- to medium-term tsunami risk for the northern part of the west coast of Sumatra is 
significantly higher than in Thailand. The situation may also be worse for the Andaman and 
Nicobar Islands, Sri Lanka, parts of the Indian coastline, Myanmar and Bangladesh. 
 
The Sunda fault and subduction zone located southwards from the area that slipped in 2004 
may, in the opinion of several researchers, pose an even larger threat today than prior to the 
megathrust earthquake of 26 December 2004. A megathrust event along this part of the 
Sunda Arc subduction zone will be disastrous for Sumatra and areas further south, but will 
not have any significant effect on Thailand and the other areas north and west of Sumatra 
that were affected by the December 2004 earthquake. 
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1 INTRODUCTION 

1.1 Background 

The 26 December 2004 earthquake with epicentre in the west of the Aceh Province of 
Indonesia, Figure 1.1, generated a large tsunami which devastated large areas along the 
coastlines of Indonesia, Thailand, Malaysia, Myanmar, Sri Lanka, India, the Maldives and 
even some parts of the east African coast. It caused of the order of 220,000 casualties, 
whereof about 8,000 along the coasts of Thailand. 
 

 
Figure 1.1 Northeast Indian Ocean Region. Seismicity 1900-2004 with M > 6. Epicentre 

of the 26 December 2004 earthquake marked with yellow star (Source: US 
Geological Survey website) 
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The basis for the study presented herein was a mission by the Norwegian Geotechnical 
Institute (NGI) to Thailand between 28 January and 12 February 2005, which was undertaken 
in response to a request from the Department of Mineral Resources (DMR) under the Ministry 
of Natural Resources and Environment in Thailand. The mission also included participation in 
the Tsunami excursion and an international seminar arranged in cooperation between DMR 
and the Coordinating Committee for Geoscience Programs in East and Southeast Asia 
(CCOP) from 28 January to 2 February 2005.  
 
Although NGI took the initiative for the study, the Scope of Work (SOW) was prepared in 
cooperation with DMR and CCOP. The study was undertaken for DMR and financed by the 
Royal Norwegian Ministry of Foreign Affairs (RNMFA). DMR covered its own costs in the 
project. CCOP served as Project Responsible Institution and contract partner against 
RNMFA. NGI, with the support of a number of other Norwegian institutions and specialists, 
have served as the Technical Executing Organisation (TEO). Appendix F gives an overview 
of the project organisation and the various institutions and persons involved in the study.  
 
 
1.2 Consequences of the 26 December 2004 tsunami in Thailand 

The 26 December 2004 tsunami clearly demonstrated the catastrophic consequences of a 
tsunami that strikes areas unexpectedly or where there is little or no public awareness of what 
a tsunami is and how to react to it when the first signs emerge. Data from Thailand show, as 
expected, a clear correlation between consequences of the tsunami and the maximum 
inundation level of the tsunami wave as it passed across land. This is illustrated by some 
examples from the selected study areas (see Figure 1.2): 

• Patong City 
• Bang Niang tourist resort area 
• Nam Khem fishing village.  

 
Patong City, Figure 1.3, is located within a 3-4 km long and 3-4 km wide bay. The natural 
ground level is typically + 3 m above sea level. The tsunami inundation level was +5 m to +6 
m, which means it reached just under the second floor level in the buildings. For buildings 
facing the sea/beachfront located typically 50 m from the sea, most brick walls, plaster walls, 
windows and doors facing the sea were blown out by the tsunami wave. The buildings did not 
collapse because they had load carrying concrete columns that remained intact. This damage 
picture also partly applied to the front of buildings facing the streets running perpendicular to 
the beachfront within about 200 m distance from the sea. Further back from the sea the 
damage was generally limited to broken windows and damage associated with flooding of the 
buildings. The number of casualties in Patong City was 160 out of the approximately 20,000 
people that were in the city when the tsunami struck. Most casualties were caused by people 
who could not escape from the basement floor in a shopping store. 
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Figure 1.2 Project study areas: Patong City, Bang Niang and Nam Khem.  

 

Figure 1.3 View of part of Patong City (left) and example of damaged building (right). All 
walls at the ground floor were completely destroyed, whereas the top floor 
remained undamaged.  

Patong City 

Bang Niang 

Nam Khem 
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The Bang Niang tourist resort area stretches about 12 km north of Khao Lak. In this area the 
tsunami inundation level was generally around +10 m, but locally up to + 12 m near the 
beachfront. The natural ground level behind the beachfront typically lies at +4 m to +5 m. The 
resorts consisted mainly of 2 to 3 storey buildings. The tsunami wave smashed through both 
the 1st and 2nd floors of the buildings, and on its way blew out most brick and plaster walls 
both at front, back and the sides of most buildings within 500 m distance from the sea. The 
damage gradually decreased with distance from the shoreline.  
 
Even in Bang Niang relatively few buildings collapsed completely because they had 
reinforced concrete columns that were able to carry the loads, though the walls were being 
blown out by the tsunami impact, see for example Figure 1.4. There were about 100 resorts in 
the Bang Niang area with about 15,000 present when the tsunami wave struck, whereof about 
3000 lost their lives. 
 
 

 
Figure 1.4 Example of damaged resort building, Bang Niang. Most of the walls in both 

storeys were blown out by the water pressure. Maximum water level during the 
tsunami is illustrated by the dividing line between washed away and intact 
roofing tiles.   

 
In the fishing village Nam Khem located closer to the border with Myanmar, the tsunami 
inundation level was +8 m. The ground level in most of the village lies at +3 m to +6 m. The 
houses consisted for the most part of rather simple 1-2 storey brick structures without solid 
columns. 4800 people lived in the village whereof 3000, or approximately two-thirds of the 
population, lost their lives in the tsunami. This is, relatively speaking much more than in the 
Bang Niang tourist resort area, which may be explained by the following factors: 
 

• Many people were at the fishing harbour at the seafront, and were killed by debris 
from wharf structures and boats that were thrown around by the tsunami wave. 
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• Many buildings collapsed completely due to poor quality and lack of solid columns to 
support the structure.  

• The main roads in the area were running more or less parallel to the waterfront giving 
long or difficult escape paths to safer high areas inland. 

• A number of mining ponds are located in the village. These ponds in themselves 
represented a hazard when the tsunami hit, as people were flushed into these ponds 
where it was even more difficult to save oneself. 

 
1.3 Project objective & Scope of work 

The project was planned and implemented as an 8-month, fast track study, which started in 
July 2005 and ended with this report in February 2006. The intention was to give 
recommendations that may influence upon the planning, reconstruction and rehabilitation 
works that commenced very shortly after the tsunami. It is still hoped that the 
recommendations given in this report will be followed during the remaining reconstruction 
and mitigation works, and also for the more long-term planning and development of the areas 
along the west coast of Thailand that may be affected by future tsunamis.  
 
The primary objective of the study was to help develop a tsunami re-construction and 
rehabilitation strategy for Thailand, but the project was also intended to serve as an example 
project for other countries in the region. The Scope of Work of the project includes the 
following main elements as described in more detail in Appendix H:  
 

1. Identification of possible future seismic and tsunami-triggering scenarios, and their 
associated hazard level.  

2. Analyses of possible tsunami heights for the various seismic scenarios.  
3. Assessment of possible measures to reduce or eliminate the potential consequences of 

future tsunamis.  
4. Propose specific reconstruction and rehabilitation plans for the three selected study 

areas.  
5. Facilitate transfer of knowledge through workshop and seminars on local and regional 

level.  
 
The main body of this report focuses on the hazard assessment with respect to future tsunami 
scenarios and recommended short- and long-term mitigation measures to reduce the 
consequences of future tsunamis to an acceptable level.  
 
Appendices A to E give a more detailed documentation of the underlying technical 
assessments of earthquake and tsunami hazards, modelling of tsunami impact and detailed 
studies of potential mitigation schemes. Appendices F and G present respectively the project 
organisation and Minutes of Meetings with the Advisory Panel. To facilitate reading and 
understanding the report Appendix I gives a glossary and explanation of selected scientific 
terms used. Appendix J presents a common list of the literature referenced to in both the main 
part of the report and in the Appendices. 
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2 EARTHQUAKE SCENARIOS AND RETURN PERIODS 

The earthquake on the 26 December 2004 that triggered the catastrophic tsunami event had its 
epicentre about 150 km west of the Aceh province on the northern tip of Sumatra (Figure 2.1 
and Figure 2.2). Within 10 minutes after initiation, the earthquake slip had propagated 1200 
km northwards from the epicentre. The earthquake was caused by stress release on the 
subduction zone created by the ongoing NE displacement of the Indian continental plate in 
under the Burma/Sunda plates.  

 
Figure 2.1 Continental plate movements and recorded earthquakes along the Sunda Arc 

(From Lay et al. 2005). 

The Sunda trench is historically known as a very active fault zone (Petersen et al., 2004). 
From southeast of Sumatra, the subduction zone is passing along all of Sumatra and then off 
the west side of the Nicobar and Andaman islands in the Indian Ocean. The total length of the 
zone is about 5000 km. 
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Figure 2.2 Aftershock locations from NEIC for the first 13 weeks after the 26 December 
2004 earthquake, together with Harvard moment tensor solutions for the main 
event (epicentre indicated by star) and the 28 March 2006 Nias earthquake. 
The aftershock distribution delineated the rupture area of the main events 
(From Lay et al. 2005). 
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Figure 2.3 illustrates the deformations (dislocations) that occur when stress is released in a 
subduction zone. As the subducting plate slowly moves down, it pulls the overlying plate 
along in a locked fault zone, increasing the stress until the frictional strength is exceeded and 
the overlying plate bounces back. The motion is primarily in the fault plane, but since that 
plane is dipping typically 15-20 degrees (along the Sunda Arc, at least) some of the 
movement will also be vertical, extending all the way to the sea bottom. Most tsunamigenic 
earthquakes have surface (i.e., sea bottom) ruptures. 

 
Figure 2.3 Schematic illustration of stress release in a subduction zone. 

 
2.1 Earthquake scenarios 

In Appendix A, and its companion Annexes A1, A2 and A3, a number of earthquake 
scenarios are defined, justified and documented, and used subsequently in this study for 
modelling of potential future tsunami loading on the coastal regions of Thailand. In the 
following some of the main points from Appendix A are summarised and some of the topics 
are discussed from a slightly different viewpoint. 
 
The underlying basis for all of this work is the fact that the 26 December 2004 earthquake was 
an event resulting from geologic processes that change significantly only over time spans of 
million of years, which means that similar events (albeit not identical ones) will inevitably 
happen again in the future. Also, given that the 2004 event was so devastating in terms of its 
tsunami effects, there will be others that will be not as large but still potentially damaging. 
Such events will occur more often due to the basic power law distribution of their occurrence 
characteristics. What is needed then is to develop some prediction or prognostics tools 
through which future potentials could be assessed and quantified to the extent possible. 
 
A common way to approach such problems is to develop models for probabilistic estimation 
so that the consequences can be evaluated together with the probabilities of occurrence, as 
regularly done in many types of risk situations. As discussed in Appendix A and Appendix C, 
however, this is not really a viable approach in this case, partly because the very largest 
events are difficult to evaluate probabilistically, partly because it is difficult to know which of 
the subduction zone events might become a tsunamigenic earthquake and partly because there 
may be a small difference between a safe event and a devastating one. The relatively small 
tsunami generated by the 28 March 2005 M 8.6 Nias earthquake illustrates this quite well. 
 

Indian plate

Sunda plate
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The alternative approach chosen here was to develop scenarios, which is a more loosely 
defined term for events that could happen in the future but where probabilities are not as well 
understood. Even so, the return periods for the chosen scenarios were estimated, since this is 
essential for the subsequent risk assessment. 
 
The assessment and definition of earthquake scenarios start with defining a source model for 
the 26 December 2004 earthquake (e.g., Ammon et al., 2005; Lay et al., 2005) that could be 
used as input for the subsequent tsunami modelling. Such a model is needed in order to 
calibrate properly the tsunami modelling tools and in order to develop a benchmark against 
which the subsequent scenarios could be scaled.  
 
The resulting 2004 megathrust model consists of six different segments defined in terms of 
length, width and slip across the fault. Both width and slip may be different at the two ends of 
a segment. The seismic moment, which in turn determines the magnitude, is defined as the 
product of the average slip or dislocation, the fault area (length times width) and the average 
rigidity of the rocks penetrated by the rupture. Rigidity (or shear modulus) estimates have 
therefore also been done, considering the strong sensitivity of this parameter with depth 
(Bilek and Lay; 1999). Since the total seismic moment for the 26 December 2004 earthquake 
is given through earlier studies (corresponding to M 9.3), the fault slip, which determines the 
tsunami potential, will scale linearly with inverse of rigidity, demonstrating the importance of 
this parameter.  
 
The final model for the seabed displacements caused by the 26 December 2004 earthquake 
was concluded only after a number of iterations which involved tsunami modelling and 
comparisons against observed wave heights and run-ups, as documented in more detail in 
Appendix B. 
 
Having established this reference model it was decided to develop additional scenarios with 
magnitudes of 8.5, 7.5 and 7.0, and to locate these in areas that are tectonically justifiable 
(even if having very low probabilities) and at the same time in locations where the effects on 
the coastal regions of Thailand would be worst. These critical locations lie between Sumatra 
and the Nicobar Islands, between the Nicobar and the Andaman Islands, and possibly north of 
the Andaman Islands.  
 
Two additional possible locations were also considered, the fracture zone in the Andaman Sea 
and the northwestwardly extension (into the sea) of the Great Sumatra fault, as discussed in 
more detail in Appendix A. It is concluded there, however, that tsunamigenic events at these 
locations are much less likely than repeated dip-slip movements in the subduction zone itself. 
 
Part of the justification for the magnitudes chosen was an analysis of historical earthquakes 
and tsunami occurrences for the Sunda Arc and other major subduction zones globally, with 
the results that it is generally very rare to have damaging tsunamis from earthquakes weaker 
than M 7.5 to 8.0. This is consistent also with the modelling results from this study, even 
though the source functions in those cases have been chosen to be deliberately conservative in 
terms of shallow faulting and seabed motions. The chosen range of magnitudes is therefore 
well justified.  
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The source models for the scenario events were defined so as to be reasonably consistent with 
both theoretical and empirical scaling relations, albeit taking into consideration that such 
scaling relations generally break down for the very large events. In addition, the source 
inversion for the 28 March 2005 Nias earthquake was used as a basis for the scenario source 
models.  
 
For each of the three magnitudes (8.5, 7.5 and 7.0) fault displacement models consisting of 
three segments, tapering down to zero slip at both ends, were defined. The total fault lengths 
are 480, 150 and 84 km, respectively, with corresponding widths and with maximum slips of 
7.3, 3.6 and 2.6 m (average slip is less). These parameters were scaled such that the total 
seismic moments produced the correct magnitudes. 
 
2.2 Return periods 

The concept of return period is normally defined statistically as mean return period (or 
recurrence interval), equal to the inverse of the annual probability of exceedance. This, 
however, is dependent on a so-called ‘memory free’ occurrence model in which the 
probability for a new event of a certain magnitude within a certain time (1 year, 100 years, 
whatever) is not dependent on the earthquakes that occurred in the immediate past. This 
simple model has proved to be sufficiently precise for most seismotectonics regimes, 
especially if larger regions, containing many seismogenic structures, are considered. There are 
important exceptions to this in regions with very large earthquakes, however, and particularly 
in subduction zones.  Normally, in such areas the occurrence of one major earthquake will 
significantly reduce the probability for another similar event for a long time to come (e.g., 
Satake et al., 1996; Clague, 1997; Cisternas, 2005). 
 
In the present work this required a distinction between the megathrust events (M 9 or above), 
where one expects a fairly stable regularity with very long return periods, and events in the 
magnitude range 7.5 to 8.5, which are expected to occur in different parts of the subduction 
zone, and with less stable regularity, and thereby less predictability. 
 
There are two principal approaches for the way in which one can estimate return periods in 
subduction zones. One is based on inferring return times from subduction rates and the other 
is based on inferring return times from a seismicity catalogue. The latter approach normally 
requires the catalogue to cover several cycles of seismicity which is far from being the case 
here, with only 36 years of unbiased coverage. The results in Appendix A show that return 
times inferred from seismicity are much longer than those inferred from subduction rates. 
 
In this study, the estimation of return periods was therefore essentially based on the 
subduction rates, which vary between about 10 and 50 mm/year for the region under analysis. 
Knowing the average slip to be expected from a given magnitude, the return time can be 
estimated simply by taking the ratio between slip and slip rate. This assumes, however, that 
all of the accumulated tectonic movements (geologic moment rates) are transferred into 
earthquake ruptures (seismic moment rates), i.e., a complete coupling. This is not the case in 
reality since some of the movements are aseismic, dependent on the rheologic conditions in 
the fault zone. Moreover, one has also recently discovered the existence of so-called ‘silent 
earthquakes’ in such areas (Heki et al., 1997; Dragert et al., 2001; Ozawa et al., 2002; Hirn 
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and Laigle, 2004), which reduce the moment rate budget that is left for the normal 
earthquakes.  
 
The consequence of this is that the return times estimated from subduction rates cannot be 
used at face value but have to be adjusted upwards, for the reasons mentioned above. This 
adjustment requires, however, a certain level of expert judgement. The results of the return 
time assessment are summarized in Table 2.1, showing that a return time of 400 years has 
been estimated for the megathrust event. For reasons already given, such events should be 
expected to exhibit a fairly stable regularity in time, needed for building up sufficient stress. 
 
A similar return time is estimated for the southern part of the Nicobar-Andaman region 
(which starts at the northern tip of Sumatra), decreasing northwards. Such events should, 
however, not be expected to occur with a similar regularity, meaning that their probability of 
occurrence over the next 50-100 years will be significantly higher than for a megathrust event, 
in spite of comparable return times. 
 
The last two rows in Table 2.1 cover the combined occurrence probability for megathrust and 
‘local’ earthquakes, which of course reduces the return times.  
 
  Table 2.1 Summary of return period estimation (see Appendix A for more derails), where 

source type 1 is a megathrust event starting in the northern part of Sumatra, 
moving northwards, type 2 is a ‘local’ M 8.5 earthquake, and type 3 is 
obtained by combining the probabilities of 1 and 2.  

Source 
type Source region Magnitude 

(M) 
Return time 

(years) 
1 Sumatra N and northwards 9.3 400 
    
2 Nicobar-Andaman S 8.5 400 
2 Nicobar-Andaman N 8.5 800 
    

3 (1+2) Nicobar-Andaman S 8.5+ 200 
3 (1+2) Nicobar-Andaman N 8.5+ 270 

 
The tsunamigenic potentials evaluated in this study apply only to the parts of the subduction 
zone that might affect the coastal areas of Thailand. Tectonically, this means the subduction 
zone ruptures north of the epicentre of the 28 March 2005 Nias earthquake. The tectonic 
barrier near the Simeulue Island (Singh et al., 2005, DeShon et al., 2005) makes it very 
unlikely that a megathrust earthquake could start south of this barrier region and rupture in a 
north-westerly direction far enough to affect Thailand. However, further southeast along the 
subduction zone, the 26 December 2004 may even have increased the risk for tsunami-
generating earthquakes (Stone and Kerr, 2004; Schiermeier, 2005). The same holds true for a 
large earthquake on the Great Sumatra Fault. It is therefore important to emphasize that the 
tsunami risk conclusions drawn in this study are not applicable to the areas further southeast 
along the coast of Sumatra. Further details of the topics discussed in this chapter are provided 
in Appendix A and its Annexes, A1 to A3. 
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3 TSUNAMI SIMULATION AND INUNDATION LEVELS 

3.1 Introduction 

Tsunamis are waves set in motion by an impulsive change of the sea level, having features 
intermediate between tidal waves and swell waves in the spectrum of gravity water waves. 
Submarine earthquakes, in addition to submarine gravity mass flows, are the principal cause 
of large tsunamis.  
 
Earthquake generated tsunamis is a phenomenon that may be divided into three parts: energy 
transfer from seabed displacement to water, wave propagation in open sea, and wave run-up 
along the shores. An earthquake generated tsunami is created by the vertical seabed 
displacement due to the earthquake motion. The waves can most often be classified as long 
waves. In other words, the typical wavelength is much larger than the characteristic water 
depth. In open seas, the characteristic amplitude of the waves is normally much less than the 
characteristic water depth. Hence, the waves can almost invariably be considered linear 
except during the run-up part (nevertheless estimates of run-up heights on gentle beach slopes 
can also be found on basis of linear wave theory). If the linear hydrostatic assumptions given 
above are valid, the speed of wave propagation, c, is given by: 
 

c = (gH)0.5  where g = gravitational acceleration and H= water depth 
 
Figure 3.1 shows the water depth in the Indian Ocean and the Andaman Sea, which is located 
between the Nicobar-Andaman islands and the west coast of Thailand and Myanmar. For the 
largest water depth of 5000 m, the tsunami wave propagation speed will be 805 km/h, which 
is close to the speed of sound in air. At a water depth of 1000 m the propagation speed is 360 
km/h, and at 100 m depth 113 km/h. For the small depths close to the shoreline, the 
propagation speed is decreased even further; however the simple formula given above is often 
not valid in the shallowest region due to effects of high surface elevation-to-depth ratio. 
 
Beyond the wave generation area, changes in waveform depend upon bathymetry and energy 
losses, and include wave height change owing to radial damping, refraction, diffraction, 
reflection, interference, focusing, shoaling, and run-up.  
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Figure 3.1 Water depths in the Indian Ocean  

 
Figure 3.2 illustrates some definitions in relation to a tsunami in open sea. The term ‘surface 
elevation’ (η) is used to indicate the water level above equilibrium (mean sea), while ‘wave 
height’ (h) refers to the height difference between the crest and the trough. λ is the 
wavelength of the tsunami. For tsunami impact on land,  Figure 3.3, the term inundation level 
refers to the water level above equilibrium reached by the tsunami at any point on land, while 
‘run-up height’ refers to the maximum vertical level reached by the wave on land. Inundation 
length refers to the maximum horizontal distance reached by the tsunami inland from the 
equilibrium shore line. 
 
The factor of amplification, i.e. the ratio of the run-up height to the surface elevation of the 
incident wave outside the run-up zone, is mainly determined by the wavelength and the slope 
of the run-up zone (more precisely it is expressed as the ratio of the length of the incident 
wave to the length of the horizontal projection of the run-up zone beneath equilibrium level). 
Local conditions causing refraction, interference and focusing effects increase the run-up, 
while friction and obstacles play the opposite role. 
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Figure 3.2 Simplified sketch of a tsunami in the open sea.  

 
Figure 3.3 Simplified sketch of tsunami impact on land. 

 
Most of the tsunamis studied in the present report are relatively long compared to the run-up 
zone, and will more or less experience the shoreline as a vertical reflecting wall, causing a 
doubling of the surface elevation. Hence, the amplification is limited and fairly well described 
by no-flux boundary conditions along the shoreline. This is supported by the observations 
indicating that the inundation levels did not increase inland from the shore line, see  
Figure 3.4 (inundation data provided by DMR). This inland reduction of inundation level is 
probably a result of the long-periodic waves and the gentle slopes causing extreme inundation 
lengths influenced by obstacles, large scale roughness, and friction. A model properly 
describing run-up of a muddy flow with debris in such surroundings is not available. 
Furthermore, the assumption of a vertical reflecting wall is especially convenient when 
assessing countermeasures such as mitigating seawalls. 
 
As described in Section 3.2, numerical simulations are performed for a set of seven scenarios 
of tsunamis generated by the recent and potential new earthquakes along the Sunda Arc. The 
simulations are accomplished by a combination of depth averaged three dimensional models 
(3D) for analysis of tsunami generation and propagation in deep water, and two dimensional 
models (2D) for assessment of non-linear and dispersive near shore effects. A linear 
hydrostatic model is applied for the 3D simulations, while a Boussinesq model is applied for 
all 2D simulations. The description of the various earthquake scenarios and the numerical 
models used for the tsunami analyses, are given in Appendix B. 
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Figure 3.4 Inundation levels in Bang Niang. 
 
3.2 Results 

Table 3.1 presents the arrival time for the wave at Patong and Bang Niang for the seven 
scenarios considered. The scenarios and the assumed seabed motions are detailed in section 
B2 of Appendix B. The arrival time could in principle be defined in various ways, but is here 
defined as the time where the surface elevation changes from a negative to a positive value, 
i.e. the time when the wave starts to inundate land. 
 
Table 3.1 Calculated arrival times 
 
Scenario Arrival time Patong Arrival time Bang Niang 
M 9.3 Back calculation 1 h 56 min* 2 h 5 min 
M 8.5 south 1 h 58 min 2 h 11 min 
M 8.5 north 2 h 16 min 2 h 20 min 
M 7.5 south 2 h 5 min 2 h 20 min 
M 7.5 mid 2 h 25 min 2 h 32 min 
M 7.5 north 1 h 51 min 1 h 58 min 
M 7.0 2 h 08 min 2 h 22 min 
* Observed corresponding arrival time at nearby yacht Mercator (Nai Harn bay, southern 
Phuket) is 1 h 54 min, see Figure 3.8 . 
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3.2.1 Back-calculation of the M 9.3, 26 December 2004, event 

The initial change in sea surface elevation used to reproduce the M 9.3 26 December 2004 
event is shown in Figure 3.5. The figure shows the enormous extent of seabed movements 
caused by the earthquake, covering a distance of about 1200 km from Sumatra (south), to 
Andaman (north), over a width of about 200 km.  
 

 
Figure 3.5  The initial sea surface elevation used to reproduce the 26 December 2004 

tsunami generated by the M 9.3 earthquake. The boundary between the Indian 
plate and the Burma plate (Sunda Arc) is indicated with black bullets, while 
the epicentre is shown with a red bullet.   

As shown in Figure 3.5, the maximum initial upward seabed movement was about 5.0 m and 
the downward movement 3.5 m.  
 
Figure 3.6 shows a snapshot of the sea surface elevation after 80 minutes for the M 9.3, 26 
December event, and the maximum surface elevation during the whole computational time of 
6 hours is given in Figure 3.7. The latter shows maximum surface elevations of 5-10 m along 
the coast of Thailand from the Phuket Island and northwards.  
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Figure 3.6  Snapshot of the simulation of the 26 December 2004 tsunami 1 hour and 20 

min after the earthquake. The colour scale is water elevation in m. 

 
Figure 3.7 Maximum surface elevations for the back calculation of the  

M 9.3 26. December 2004 event during the whole computational time for the 
Thailand coast. The colour scale is elevation in m. 
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Figure 3.8 Comparison of the results from the 3D back calculation of the 26 December 

2004 tsunami and corresponding sea-level measurements at Mercator 
(Phuket).  

 

 
Figure 3.9  Time series from 3D simulations for the back calculation of the  

M 9.3 26 December 2004 event taken at the near shore locations outside 
Patong and Bang Niang. The location of Patong is indicated in Figure 3.6 at 
the tip of the southern white line, and the location of Bang Niang at the tip of 
the northern white line. The water depths of the time series locations are 
displayed in the legend. 
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Note that the term “surface elevation” refers to the elevation of the water relative to an 
assumed fixed mean sea level, herein assumed at elevation ±0.0. Comparison of the results 
from the 3D simulations with corresponding sea-level records shows generally good 
agreement with observations. An example is given in Figure 3.8. For a more detailed 
comparison, see Appendix B. 
 
Time series of the simulated wave at locations outside Patong and Bang Niang from the 3D 
simulations (Figure 3.9) show generally good agreement with observed run-up of 4-6 m at 
Patong and 8-9 m at Bang Niang (University of Poznan 2005). University of Poznan (2005) 
also reports that the spatial variations in run-up heights are generally less than 50% for each 
site investigated. This is also supported by field surveys by two Japanese Field Survey Teams 
(2005a;b). 
 
Effects of non-linearities and dispersion are given in Appendix B. 
 
3.2.2 Other scenarios with magnitudes equal to or larger than M 9 

An assessment of future M 9+ scenarios is given in Appendix B. If a new M 9+ event occurs 
in the future, one cannot exclude that a larger surface elevation will occur at certain locations, 
for instance more than 5 m at Patong City. To assess upper bounds of maximum surface 
elevations at certain important locations like Patong, a more detailed sensitivity study of 
different M 9+ scenarios should be undertaken. 
 
3.2.3 Scenario recommended for countermeasures, M 8.5 earthquake 

The extent of the M 8.5 south scenario is shown in Appendix B, with length and width of 
approximately 400 km and 100 km, respectively. This is less than half the length and width of 
the M 9.3 26 December event. A snapshot of the surface elevation after 80 min for the M 8.5 
south scenario is given Figure 3.10, and the maximum surface elevation during the whole 
computational time of 6 hours is given in Figure 3.11. The latter shows maximum surface 
elevations of 1-2 m along the coast of Thailand from the Phuket Island and northwards.  
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Figure 3.10  Snapshot of the M 8.5 south scenario 1 hour and 20 min after the earthquake. 

The colour scale is elevation in m. 

 

 
Figure 3.11 Maximum surface elevations for the M 8.5 south scenario during the whole 

computational time for the Thailand coast. The colour scale is elevation in m. 
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Figure 3.12 M 8.5 south scenario with 2D model; time series of the surface elevation at 

two different depths close to Patong. 

 
Figure 3.13  M 8.5 south scenario with 2D model; time series of the surface elevation at two 

different depths close to Bang Niang. 

 
Effects of non-linearity and dispersion have been simulated with the 2D model described in 
Appendix B, the time series at the Patong and Bang Niang cross section are shown in Figure 
3.12 and Figure 3.13. The maximum tsunami surface elevations are much smaller than for the 
M 9.3 event also when taking non-linear effects into account.  
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For this scenario that is recommended as design basis on short to medium term, the best 
estimate of the maximum tsunami surface elevation lie in the range 1.5-2 m above mean sea 
level. These elevations do not take into account variations in tides; this is discussed in 
Appendix C. Because there is no apparent trend of maximum increasing surface elevations 
from south to north or opposite, this maximum surface elevation is chosen for all three study 
locations Bang Niang, Patong and Nam Khem. The best estimate maximum surface elevation 
values in a broad sense also apply to the M 8.5 north scenario. 
 
 
4 OVERALL RISK ASSESSMENT AND DESIGN CRITERIA  

One of the key questions in the present study is the definition of the design tsunami event, 
i.e. the height, velocity and other characteristics of the tsunami wave, that form the basis 
for the risk-mitigating recommendations. Detailed discussion of tsunami risk (both real and 
perceived), risk assessment, and design criteria for risk mitigation is provided in Appendix C. 
 
The risk assessment terminology used below is based on the Glossary of Terms for Risk 
Assessment developed by Technical Committee on Risk Assessment and Management 
(TC32) of the International Society of Soil Mechanics and Geotechnical Engineering 
(ISSMGE). The important terms and keywords are defined in Appendix I of this report. 
 
4.1 Scenario-based vs. annual exceedance probability approaches 

In modern engineering practice, buildings and infrastructure are designed to withstand 
environmental load effects, such as earthquake acceleration, flood level, or wind velocity, that 
are caused by an event with a given annual probability of exceedance; i.e. the return period of 
the design event causing the load is specified in the design code. The framework behind this 
methodology is a reliability-based design approach which assumes that the annual extremes of 
the load effect in question have a well-behaved, continuous distribution.  
 
A similar approach for tsunami may not be rational for several reasons. Due to the 
characteristics of the physical processes that trigger a tsunami, there exists a threshold return 
period below which the expected tsunami wave height is insignificant, and above which it 
increases rapidly. This makes the tsunami wave height an ‘ill-behaving’ load effect that does 
not fit well into the framework developed for other types of environmental loading. Because 
of this threshold characteristic, not enough data are available to establish the magnitude-
frequency statistics for tsunamis in the Indian Ocean, where the focus of the international 
community has been in the past year. Therefore, to establish the magnitude-frequency 
relationship, other techniques, such as the “Probabilistic Tsunami Hazard Analysis” (PTHA) 
approach (Thio et al., 2005), should be employed. Although PTHA has the potential to 
provide a rational framework for tsunami-resistant design in the future, its development is not 
yet at a stage that it could form the basis for making decisions. Another challenge is that a 
rare, extreme tsunami event might cause thousands of fatalities. So even if the probability of 
occurrence of the event (e.g. hazard) is extremely low, the consequences have the potential to 
be extremely high, and the calculated risk in terms of expected human fatalities is highly 
uncertain (zero times infinity problem). Furthermore, the risk is not constant in time. 
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Considering that the Sumatra-Andaman subduction zone experienced a magnitude 9.3 
earthquake on 26 December 2004 and a magnitude 8.6 earthquake on 28 March 2005, it is 
highly unlikely that a similar event would occur on this fault within the next couple of 
hundred years because of the energy already released. However, with time, the stresses on the 
fault will build up again and the tsunami hazard level would approach what it was prior to 26 
December 2004. 
 
The most rational approach for estimating the risk associated with future tsunamis is to 
consider scenarios of plausible extreme, tsunami-generating earthquake (and/or tsunami-
generating submarine slide) events, compute the tsunami wave heights triggered by these 
events, and estimate the upper and lower bounds on the annual probability of occurrence of 
these scenarios. This scenario-based approach is particularly well suited for tsunamis because 
of their physical characteristics. For example, the direction of the tsunami wave and 
potentially affected areas are known beforehand, and reliable software for calculation of the 
tsunami resulting from sea floor displacements due to a fault movement or a submarine slide 
is available. 
 
4.2 Return periods of tsunami-generating earthquake scenarios 

As discussed in Chapter 2, the uncertainty in the return period estimates is large. There are 
two principal approaches for estimating the return period of an earthquake with a given 
magnitude: 
• Use the subduction rate as the basis for evaluating how long it would take to accumulate a 

given slip, corresponding to a given magnitude.  
• Use the seismicity to estimate the recurrence statistics and extrapolate to larger 

magnitudes.. 
 
In this study, both approaches were used to estimate the return period of the tsunami-
generating earthquakes, but the return periods estimated from the subduction rates were given 
more weight. For example, the estimates of the return period of a magnitude 9.3 earthquake, 
similar to the one that caused the tsunami on 26 December 2004, vary between 400 years 
using the subduction rate, and 1140 years using the seismicity statistics. The risk estimates 
were based on a return period of 400 years for an M 9+ megathrust earthquake.  
 
A key issue that is emphasised in Chapter 2 of the main report regarding the return period is 
the timing of major earthquake events within the occurrence cycle. The evaluations suggest 
that an M 9+ earthquake in the Sumatra subduction zone with potential tsunami effects on 
Thailand will most likely not occur before at least 400 years after the 2004 megathrust 
earthquake.  For the M 8 to 8.5 earthquakes the cyclicity is less predictable (i.e. the 
occurrence is more random within recurrence interval), but even for such events the 
probability of occurrence will be quite low for a long time after 2004, increasing gradually 
with time.  
 
It should further be noted that the return period of an earthquake with a given magnitude is 
not the same as the return period for the tsunami wave height that is computed for that 
earthquake scenario. Another M 9.3 earthquake on the Sumatra subduction zone is likely to 
trigger a tsunami comparable to one that occurred in December 2004, although the spatial 
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distribution of the wave heights along the affected coastal areas will be different. This is 
because an M 9.3 earthquake would involve fault rupture along more-or-less the whole 
subduction zone, and result in sea floor displacements comparable to those that occurred on 
26 December 2004. However, an M 8.5 earthquake will not necessarily occur at the location 
that was assumed for the scenario considered in this study (which was the most critical 
location with respect to a tsunami in Thailand). The fault rupture could occur anywhere on the 
Sumatra subduction zone (i.e. not necessarily at the most critical location) and the earthquake 
might be deeper, resulting in smaller sea floor displacements. For example, the M 8.7 Nias 
earthquake that occurred on 28 March 2005 did not cause a noticeable tsunami in Thailand or 
in Sumatra.  

4.3 Combination of tsunami, high tide and storm surge 

The tsunami simulations presented in Chapter 3 give the tsunami wave height with respect to 
the mean sea level. If the tsunami occurs during high tide and/or storm surge, the maximum 
water level will be significantly higher.  
 
The normal high tide in the area of interest is approximately +0.80 m above the mean sea 
level (m.s.l). Twice a month, during the spring tide, the water level is as much as +1.5 m 
above the m.s.l. The probability of two independent extreme events, namely a design tsunami 
and an extreme high tide, happening at the same time is so low that it contributes very little to 
the total risk. Therefore, as a conservative basis for the design of risk mitigation measures, a 
value slightly greater than the mean high tide (about 1.0 m) is added to the computed tsunami 
wave height for the design event to obtain the design water level. 
 
Similarly, if a tsunami strikes during a storm, the combination of the tsunami wave and the 
storm surge will increase the inundation levels and thus the potential impact of the tsunami. 
However, because of the low probability that these two independent events will occur at the 
same time, the increased risk because of this combination is marginal. The risk to human life 
might even be lower for the combined tsunami wave and the storm surge event, as the beaches 
will be less populated during a storm. Therefore the combined tsunami – storm surge event is 
not considered in the design of mitigation measures. 

4.4 Recommended design water levels 

Based on the arguments presented in this chapter and in Appendix C, and the analysis results 
presented in Chapters 2 and 3, the following water levels are recommended for design of 
tsunami risk mitigation measures: 
 
• Short- to medium term 
The risk mitigation measures to be implemented within the next 50 to 100 years should be 
designed for maximum water level of +2.5 to +3.0 m above the mean sea level (1.5 – 2.0 m 
due to tsunami and about 1.0 m due to possible high tide). 
 
• Long term 
 
The long-term (100 – 200 years) risk mitigation measures should protect the exposed 
population from a tsunami similar to the one that occurred on 26 December 2004, i.e. +5.0m 
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to +12.0m above m.s.l. It should be noted that the maximum tsunami wave heights along the 
west coast of Thailand and their spatial variation for a future M 9.3 earthquake may be quite 
different from those observed during the 26 December 2004 event. Depending on the pattern 
of seabed dislocation caused by the earthquake, areas that experienced a maximum water 
level of about +5 m (such as Patong City), could experience higher water levels in a future 
tsunami. The possible range of characteristics of a future extreme tsunami event needs further 
investigation. 

4.5 Is tsunami risk level in Thailand acceptable? 

A part of risk assessment and risk management is to deal with risk acceptance criteria. Here, it 
is important to recognise the difference between acceptable and tolerable risks defined earlier. 
This differentiation is reflected through the use of the so-called ‘F-N curves’. The F-N curves 
relate the probability per year of causing N or more fatalities, F, to the number of fatalities, N. 
The term "N" can be replaced by any other quantitative measure of consequence, such as 
monetary measures. Such curves may be used to express societal risk criteria and to describe 
the safety levels of particular facilities. 
 
The application of societal risk to life criteria is to reflect the reality that society is less 
tolerant of events in which a large number of lives are lost in a single event, than if the same 
number of lives are lost in a large number of separate events. Examples are public concern to 
the loss of large numbers of lives in airlines crashes, compared to the many more lives lost in 
road traffic or small aircraft accidents. 
 
The use of cumulative F-N curves to reflect this is not universal. An example which has been 
tried on an interim basis in Hong Kong to assist landslide risk management of natural hillside 
hazards is shown in Figure 4.1. The ALARP zone in this figure represents the tolerable risk 
situations. The criteria depicted on Figure 4.1 were used to deem the tsunami risk level in 
Thailand. 
 
Based on the return period estimates for tsunami scenarios, the recommended design water 
levels, and the experience from the 26 December 2004 tsunami, the annual risk to human life 
from a tsunami on the west coast of Thailand, and the changes in this risk with time can be 
estimated. Figure 4.1 shows the estimated risk plotted on the societal risk acceptance criteria 
diagram for Hong Kong. Zone A represents the best estimate of the tsunami risk in Thailand 
for the next 50 to100 years. This risk is associated with the occurrence of an M 8.5 earthquake 
at a critical location on the Sumatra-Andaman subduction zone. Zone E, which clearly 
represents an unacceptable situation, represents the situation prior to the tsunami of 26 
December 2004 and also the long-term situation after several hundred years if no risk 
mitigation is done. Figure 4.2 shows a simplified version of the risk depicted on Figure 4.1 
where the vertical axis represents risk in terms of the expected annual human fatalities 
(averaged over several hundred years) in Thailand to due a tsunami. The 10-5 and 10-3 bounds 
on the vertical axis of Figure 4.2, which respectively define the boundaries between 
acceptable vs. tolerable risk, and tolerable vs. unacceptable risk, are based on the bounds 
defined by GEO on Figure 4.1. 
 



Tsunami Risk Reduction Measures with Focus on Land use Report No.: 20051267-1
and Rehabilitation Date: 2006-01-14
 Rev.: 
Main Report Rev. date: 
 Page: 31

 

f:\p\2005\12\20051267\8_reports\mainreport-final\doublesidededition\060130-mainreport-final.doc KK 

 
Figure 4.1 Estimated risk of tsunami in Thailand plotted against the societal risk 

tolerance criteria of Geotechnical Engineering Office (1998) of Hong Kong. 
Zone A represents the best estimate of the tsunami risk in Thailand today. Zone 
E represents the situation prior to the tsunami of 26 December 2004 and also 
the long-term situation after four to five hundred years if no risk mitigation is 
done. Zones B, C and D are respectively representative of the situations after 
50-100 years, 150-200 years, and 250-300 years if no risk mitigation is done. 
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Figure 4.2 Risk levels implied by the zones in Figure 4.1, simplified to risk in terms of 
expected number of fatalities per year (averaged over several hundred years) 
due to tsunami along the west coast of Thailand. 

The main conclusion that can be drawn from Figure 4.1 and Figure 4.2 is that, as far as the 
tsunami risk in Thailand is concerned, the present day situation without risk mitigation 
measures is marginally acceptable and will remain so for one or two generations. However, a 
long-term strategy must be implemented to mitigate the tsunami risk by reducing the 
vulnerability of the exposed population to an event similar to the one that occurred on 26 
December 2004. 
 
 
5 RISK MITIGATION MEASURES 

5.1 The need for mitigation measures 

The risk evaluations discussed in the previous chapter concluded that, in a short to medium-
term perspective of a few generations (50-100 years), the societal risk level associated with 
the recommended design tsunami event (an inundation or flooding level of + 2.5m - 3.0 m 
above mean sea level) is tolerable. 
 
There is hardly any housing, resorts, enterprises or important infrastructures below the design 
inundation level along the coast of Thailand. Only people who happen to be on the beach or 
waterfront would be directly affected by such an oncoming tsunami. An inundation level 
limited to +2.5 to +3.0 m implies, however, a very limited threat to people on the beach 
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compared to the December 2004 tsunami. Ensuring public awareness about how to react, 
possibly combined with a warning system, will be sufficient to reduce the potential for human 
casualties to an acceptable level under the recommended short- to medium-term tsunami 
scenario. Thus no physical mitigation measures seem strictly necessary in the short- to 
medium-term in Thailand.  
 
However, as shown in Chapters 2 and 4, the likelihood of a greater than M 8.5 earthquake and 
associated tsunami event will gradually increase with time, and will eventually represent an 
unacceptable risk to human life. In relation to human exposure to geohazards with long return 
periods it is a general experience that people tend to forget about them after a generation or 
two. It should be the duty and responsibility of the present day societies to react to such long 
term threats. It is therefore recommended that the Thai authorities should now prepare for 
mitigation measures that will reduce the risk to future generations of a tsunami event that may 
be as severe as the December 2004 event. Such measures are outlined and discussed in 
Sections 5.2 and 5.3 below. 
 
One of the aims of this project was that the results would also be of general use to other 
countries around the Indian Ocean that may be exposed to future tsunamis. Although no other 
site-specific studies were carried out, it has been suggested in Chapters 2 and 4 that the short- 
to medium-term tsunami risk may be significantly higher for other countries around the 
Indian Ocean than the risk identified herein for Thailand.  
 
The following sections set out and elaborate generally applicable measures likely to mitigate 
the impact of tsunamis, and present specific case studies for Patong City, Bang Niang and 
Nam Khem. The various types of mitigation measures are described in more detail in 
Appendix D.  
 
5.2 Tsunami risk mitigation measures assessed 

5.2.1 General aspects 

Dealing with tsunami risk mitigation measures is a relatively complex task. While tsunamis 
are infrequent events, they may be extremely destructive as was demonstrated in December 
2004. Land use planning offers a useful approach to this complex task. Land use planning is 
local, long term and often democratic. It covers all land use and physical development in a 
jurisdiction. Most countries have an existing system for guiding land use and physical 
development. Risk is a well known concept that forms the basis of such systems. Dialogue 
among the interested parties (stakeholders) is an important means in finding overall and 
balanced answers. Hwang et al. (2005) and NTHMP (2001) discuss different approaches and 
suggestions regarding land use as a mitigation measure in tsunami hazard areas.  
 
Figure 5.1 illustrates the different principles that may used to protect the exposed population 
and reduce the consequences of tsunamis. People, activities and buildings could be located 
beyond the inundation zone or above the run up height (on natural or artificial heights). 
Protective walls could be built. Early warning systems could be installed, which together with 
safe and efficient escape routes would allow people to escape before the tsunami strikes. Safe 
places, such as elevated escape hills or buildings designed to withstand the force of a tsunami 



Tsunami Risk Reduction Measures with Focus on Land use Report No.: 20051267-1
and Rehabilitation Date: 2006-01-14
 Rev.: 
Main Report Rev. date: 
 Page: 34

 

f:\p\2005\12\20051267\8_reports\mainreport-final\doublesidededition\060130-mainreport-final.doc KK 

and tall enough to be safe, could be accommodated. In most cases, using only one of the 
above-mentioned approaches to protect a community will not be adequate.  
 

 

Figure 5.1 Principles on how to protect human lives and property against tsunamis 

In the following, land use and rehabilitation mitigation measures are categorised and 
discussed in relation to:  
  

• awareness building and warning systems 
• master planning 
• project planning 
• constructing physical water barriers 
• developing functional networks of escape routes and safe places 

 
This categorisation is not totally stringent throughout the text, since the physical measures can 
be discussed on several levels in the planning hierarchy. Also note that according to the Scope 
of Work (Appendix H), warning systems are not specifically dealt with in this study. 
However, their importance as a risk mitigation measure is briefly discussed.  
 
5.2.2 Awareness building and warning systems 

In order to achieve the goal of tsunami risk reduction, it is vital that awareness and 
understanding of the risks involved are disseminated to  politicians and bureaucrats at central 
and regional levels, professionals, investors, land owners, and other stakeholders including 
the public at large. This applies to adopting a medium- to long-term physical development 
strategy for the community that is compatible with tsunami risk mitigation goals, as well as 
increasing people’s knowledge about tsunamis and how to react if a tsunami strikes.  
 
One of the main challenges is to find ways to uphold public’s awareness over a very long time 
span. It is therefore important to take steps to ensure lasting awareness of the tsunami risk 
already now. The type and effectiveness of awareness building measures may vary with the 
local settings, but could, for example, involve one or more of the following elements: 
 

• constructing memorials along the coast to remind the coming generations of the 
tsunami risk  

• including tsunami risk in school text books and curricula 
• establishing a yearly national natural hazard day 
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• including the inundation zone for the last known tsunami in the land use master plan 
• developing local building codes for tsunami risk zones  

 
In Japan, tsunami protection walls in some places are decorated with pictures reminding 
people of the tsunami risk (Ohta et al., 2005). Ohta et al. (2005) also describe how a Japanese 
village reminds itself and educates the young about the tsunami hazard by once a year 
clearing debris etc. from the embankments protecting the village. Based on the Japanese 
experience, they recommend continuous campaigns targeted at school children as an 
important part of the awareness building.  
 
In Thailand, memorials for the victims of the December 2004 tsunami have already been 
erected along the coast, see example in Figure 5.2. Such memorials could be important 
reminders, and could even be designed to provide physical protection from tsunamis (walls, 
elevated escape routes or escape hills) as well. 
 

 
 

 Figure 5.2 A memorial for the victims of the 2004 December Tsunami, recently built in 
Thailand. 

Including tsunami risk and mitigation measures in a community’s land use planning, e.g. in 
the building code or by including the inundation line in the master plan, can be seen as long 
term awareness building. Once the tsunami mitigation measures are taken into the land use 
planning system, it takes a deliberate decision to take them out.  
 
A more thorough discussion about awareness building can be found in Andjelkovic (2001). 
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Establishment of some form of warning system will have both direct and indirect impacts on 
the potential consequences to human life. The direct impact is by giving people time to escape 
to safe places, and the indirect impact is by contributing to long term awareness.  
 
Following the December 2004 tsunami, significant efforts have been made by different 
countries and international organisations to make a coordinated effort to establish a tsunami 
warning system for the Indian Ocean region. For instance, the IOC (Intergovernmental 
Oceanographic Commision), under the auspicies of the UNESCO, has done significant work 
on this theme, which was presented in UNESCO-IOC (2005). The conclusions so far seem to 
be that each country must be responsible for establishing its own warning system, but with 
close regional links making it possible to exchange data and information. The government in 
Thailand has engaged itself in this work and has already devloped plans for, and started 
implementing some warning systems.  
 
On the basis of this study, a tsunami warning system for Thailand may not be considered 
strictly required in the short- to medium-term (within next 50-100 years), but will be more 
important in a longer term perspective. In any case, it will help maintain awareness.  
 
To ensure long term awareness, Thailand, and any other country exposed to similar natural 
hazards, is strongly encouraged to centralise all the efforts related to dealing with warning 
against all kinds of natural hazards, be it tsunami, flooding , landslides, storm surges etc. The 
same applies to hazard mapping, and how to deal with a a catastrophic event when it first 
occurs. 
 
5.2.3 Master planning  

Master plans (often known as comprehensive land use plans, overall land use plans, general 
plans, etc.) address the overall and long term issues of the community, and establish a 
framework for the physical development of a region, municipality, city or village. Master 
plans guide, among other things, the location, type, and intensity of developments, and are 
often the arenas for discussing large scale (public) projects. They, therefore, offer a useful 
means of reducing the likely impact on a community of a tsunami by:  

• Prohibiting developments in high risk zones 
• Imposing regulations on developments in high risk zones, i.e. by banning buildings 

that represent high vulnerability (schools, hospitals, dense housing), important 
facilities (fire stations), hazardous facilities (fuel storage tanks) and important 
infrastructure (main roads) in the most hazard-prone areas 

• Linking criteria (in master plans, local building codes or designated laws) to project 
development in tsunami hazard prone zones, such as; 

o minimum height above flood levels (e.g. tsunami run up) for sleeping areas, 
habitable space, uppermost floors or accessible roofs in tsunami hazard areas  

o internal vertical escape routes within the building 
o maximum distance to safe places (escape hills, safe houses) 
o structures built to withstand the forces of a design tsunami 
o restricting materials which, if torn loose by a tsunami, may become life 

threatening floating debris 
o abandoning very risky situations  
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• Planning physical water barriers for protection 
• Planning functional networks of escape routes and safe places 

 
These ways of guiding the physical development in relation to various risks or goals are well 
known from, and widely used, in master planning. Nevertheless, land use planning often 
sparks discussions concerning legal issues, economic compensation, consequences for 
important industries (fishing, tourism), environmental consequences, etc. It is still extremely 
important that local and central governments take the tsunami hazard into account in long 
term master planning.  
 
5.2.4 Project planning  

Before developing a site, a local plan (in many countries known as site plans or zoning plans) 
must be prepared in accordance with the framework and criteria of the master plan and the 
building code. If the authorities have adopted criteria to reduce the tsunami risk, such as those 
listed above, compliance is required before local plans can be approved. Compliance can be 
achieved in several ways.  
 
Proper construction and design of new buildings in tsunami hazard areas are one of the most 
important ways of preventing loss of lives during a severe tsunami. The basic principles are 
that the building must be firmly anchored to resist floating, the lower walls should be 
collapsible to reduce the forces from the water on the building, the columns and the floor 
slabs must be strong enough to not collapse. The same goes for stairs, etc., that serves as 
vertical escape routes. How buildings should be constructed to withstand tsunami forces is not 
dealt with here, but reference is made to other works, for instance FEMA (2000), the building 
code for Honolulu (http://www.co.honolulu.hi.us/refs/roh/16a11.htm), as well as Appendix E.  
 
In order to meet the minimum height above water level criterion for habitable space, sleeping 
areas or highest accessible floor or roof, the building can be built tall enough to provide the 
necessary height above water level, see Figure 5.3. Good vertical escape routes within the 
building are necessary. Alternatively, the land upon which the building is located can be 
artificially elevated in order to reach the levels set in the criteria, see  
Figure 5.4.  
 

 
Figure 5.3 Organisation of buildings, in order to increase security. 

 

Hmax
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Figure 5.4 Artificial elevated land, for location of buildings, as safe areas or as escape 
routes. 

 
If several buildings are planned as one project and/or on the same site, the criteria regarding 
maximum distance to safe places can be met by elevating a part of the site to safe heights (an 
escape hill), and use this as a common safety zone for all the buildings on the site / in the 
project, see  
Figure 5.4 . An alternative is to construct a tall, strong and accessible building, i.e. a “safe 
house”, which would serve the same purpose. 
 
If tsunami risk reduction criteria set out in the master plan are to be met by local plans, it 
requires good project planning and close follow up by the authorities. This may not always be 
feasible in the local context. In order to reduce the possible negative consequences from 
unrealistic and impractical criteria, both the criteria and the ways to meet them must be 
developed in a local context. 
 
5.2.5 Physical water barriers  

Physical barriers may be used to stop or delay the tsunami, reduce the maximum level of 
inundated water, or to dissipate the energy in the tsunami. Such barriers may include “soft” 
onshore structures in the form of dikes or embankments, as illustrated in  
Figure 5.5; or “hard” waterfront structures like a vertical concrete wall or stone block wall. 
Offshore, it could be jetties, moles or breakwaters, including submerged breakwaters.  
 
 

 
 

Figure 5.5 Different kinds of off shore or on shore walls may stop the water, reduce 
maximum water levels, slow the currents or reduce the wave energy. 
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Figure 5.6 Example of dike built to protect Hiro village in Japan in 1854 (Ohta et al., 

2005) 
 
Appendix E presents analyses of how dikes and breakwaters may reduce or delay tsunami 
impact even if they are overtopped or have been built with some openings. Protective dikes 
and seawalls have been used for tsunami protection in coastal areas of Japan for more than a 
hundred years. Ohta et al. (2005) describe, for instance, an interesting example of a dike that 
was built to protect the Hiro village in Japan shortly after a tsunami that struck in 1854 
(Figure 5.6), and how that dike actually protected the village when a new tsunami struck in 
1946. 
 
Seawalls, dikes and breakwaters will often come in conflict with existing aesthetic qualities of 
an area because the structures are long, tall and dominating, and need a lot of ground space. 
They also often require the relocation of existing activities. Even if there are openings in the 
walls, they will affect the functionality of the city, village or area in which they are located.  
 
If dikes or sea walls of any kind are considered, they must first be dealt with in the 
community’s master plan, and then be subject to detailed analyses to account for their 
possible negative environmental impact.  
 
5.2.6 Escape routes and safe places  

If a well functioning and efficient warning system is in place, warning and escape are 
probably the best ways of preventing loss of life from a tsunami. This requires, among other 
things, a well planned and maintained network of escape routes and safe places, which should 
be analysed and assessed in the master plan. A network of escape routes and safe places 
would increase the tsunami survival rate, even if an early warning system is not in place, is 
out of order, or fails to function properly.  
 
Developing functional networks of escape routes and safe places could include a number of 
different measures, strongly depending on the local context. Area, village or city analyses 
should provide maximum tolerable distance from buildings and activities to a safe place, and 
assess how to achieve this maximum distance. Distances between buildings and safe areas 
could be shortened by reducing the escape routes, or by establishing new safe areas as 
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artificial escape hills and safe buildings that are accessible to people at large. Examples are 
given in Section 5.3. When assessing warning-and-escape systems, it is necessary to consider 
the potential for chaos, how to escape at night and the consequences of system failure. 
 
5.2.7 Obstacles  

In Thailand, protection of the aesthetic qualities of tourist resort areas is of great importance, 
and mitigation measures will have to find ways to preserve these qualities, for instance 
through landscaping. Examples are given in Section 5.3. 
 
Breakwaters may be prohibited due to possible negative impact coastal processes (beach 
building and erosion), which also can have negative environmental impact e.g. on coral reefs. 
Construction of escape hills or artificially elevated land, may also have negative impact on its 
new surroundings. In order to avoid unintended environmental consequences, environmental 
impact assessments must be carried out.  
 
When using landscaping as a mitigation measure, the impact on rivers and waterways, sewage 
and run-off water outlets must be carefully considered both during the normal situation and 
the monsoon season. Through careful local planning, this sort of negative effects can be 
avoided.  
 
Disagreements about land ownership and the right of use to land could be yet another obstacle 
when discussing actions to reduce tsunami hazard. Land use planning at master plan level will 
often be the right level for solving such disagreements.  
 
5.2.8 Time horizon for the various mitigation measures 

The main purpose of already now establishing new land use plans that face up to the medium 
to long term tsunami risk, is to ensure that there will be space or room available for the risk 
mitigation measures. Construction of the physical mitigation measures may, however, wait 
until some years ahead.  
 
New master plans and local building codes should be developed as soon as possible for the 
tsunami stricken areas, preferably before rehabilitation. The master planning processes and 
the discussions considering new building codes will be important arenas for the local 
communities to discuss which mitigation measures they are able to and willing to implement. 
Analysis of networks of escape routes and safe places, and incorporation of these in the 
master plans, should be carried out as soon as possible.  
 
Although new projects are developed according to a new building code, it will take a long 
time before all buildings are constructed in accordance with this code. Changes in land use 
will happen over time, and it may take a long time before the physical structure of a city or a 
village is in accordance with a new master plan.  
 
It is still recommended to construct at least some of the physical mitigation measures 
discussed above (e.g. sea walls, escape hills) as soon as the planning and decision processes 
are completed. Financing may be easier to achieve now when the possible tsunami 
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consequences are still fresh in the memory, than in some distant future. Furthermore, it is no 
doubt a significant challenge in the medium- to long-term perspective to maintain the public’s 
awareness of the tsunami hazard, and ensure that land use development and construction of 
new buildings actually are geared towards reducing the tsunami risk.  
 
5.3 Case studies: Patong City, Bang Niang and Nam Khem 

In order to test the practical applicability of the mitigation measures discussed above, and to 
contribute to the ongoing discussion about how to rebuild the areas damaged by the December 
2004 tsunami in Thailand, case studies were conducted in three areas in Thailand: 
 

1. The dense tourist city Patong City 
2. The tourist resort area Bang Niang  
3. The fishermen’s village Nam Khem  

 
The case areas were chosen to represent a range of communities with regard to main industry, 
population density, damage done by the tsunami, physical organisation, etc.  
 
The discussions and drawings below are examples of how mitigation measures could be used 
in various settings, and should not be taken as final detailed recommendations. If the affected 
communities are considering the implementation of any of the discussed mitigation measures, 
thorough local detailed planning must first be done. 
 
5.3.1 Patong City  

The natural ground level in Patong City typically lies at + 3.0 to +3.5 metres above mean sea 
level, which means that the proposed short- to medium-term design tsunami level (+2.5 m to 
+3.0 m) will not damage the area. No action is therefore strictly necessary in a short- to 
medium-term perspective. 
 
The tsunami damage in Patong City was limited to the first floors of buildings closest to the 
sea, and the damaged areas are now more or less fully rehabilitated, much as they were before 
the tsunami struck. While no tsunami risk mitigation measures were implemented as part of 
the rehabilitation of Patong, it is of interest to see the role mitigation measures can play in the 
medium- and long-term development of the city.  
 
Master planning and building codes can give directions for the physical development of the 
city in order to reduce the tsunami hazard in a medium- to long-term perspective. At the 
master planning level, this could include prohibiting new development in the inundation zone 
through land use regulations and local plans, or the authorities could set special design criteria 
for buildings and structures erected in the hazard zone. Important and/or vulnerable buildings, 
such as schools, hospitals and fire stations, should be located in as safe areas as possible. 
Most of the people killed in Patong City by the tsunami were trapped in shopping store 
basement floors. Underground facilities below the sea level are, in other words, highly 
dangerous during flooding, and should be considered banned. These mitigation measures can 
be implemented in a relatively short term perspective (a master plan and a building code can 
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be approved), even if their visible effects are unlikely to appear for another five to twenty 
years. 
 
In the process of developing a master plan, or a separate analysis of the tsunami risk, the 
existing network of escape routes and safe areas should be examined. Where are the current 
safe areas or safe houses? How long will it take for the population to reach the safe areas in 
case of a severe tsunami? Is the situation satisfactory? It is important to ensure that streets 
running from east to west remain open and allow passage from the shore to hillsides, or to 
safe houses and escape hills.  
 
Figure 5.9 shows an example of a master plan. An elevated green-belt area approximately 400 
metres inland from the beach, which will serve as safe escape hills, is proposed. See also the 
cross sectional view in Figure 5.8.  
 
In Patong City, a large number of buildings are tall enough to serve as safe houses or vertical 
escape routes during a tsunami, see photo in Figure 5.7. This requires, however, that the 
buildings are made accessible from the outside during rising water, and that internal and 
external vertical escape routes exist. Requirements for this could be included in the building 
code.  
 

 
 

Figure 5.7 Eastern part of Patong City in bird’s eye perspective. 
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Figure 5.8 Cross section sketch of master plan in Patong City 
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The master plan for Patong City could give preferences for building types with public balcony 
access, as illustrated in Figure D2.3 in Appendix D. 
 
If the authorities in Patong City decide to deploy physical water barriers to reduce the impact 
of a tsunami, three solutions seem to be of interest. During the 2004 tsunami, Karon Bay just 
south of Patong City was protected by a natural sand dune, about 5.0 m above sea level at the 
highest. The dune was not severely eroded or damaged by the tsunami despite sparse 
vegetation above the normal upper tidal or breaking wave level. A possible mitigation 
measure in Patong City would therefore be to construct a similar artificial sand dune, see the 
example sketch in Figure 5.10. Such a concept was actually suggested by the consultants 
hired by the Thai tourist authorities, in compliance with a Government request. The local 
authorities feared, however, that sand dunes would ruin the beautiful views of the Patong Bay. 
In Appendix E, the effects of various dikes on reducing the tsunami inundation levels are 
calculated. For instance, a 4-metre dike would reduce the water level behind the dike to about 
1.7 metres following a six metre tsunami, while a 5-meter dike would reduce the water level 
to 0.5 metres. Ten openings, each 2.5 metres wide, in the dikes would not reduce the effect of 
the dikes significantly (less than 0.1 m increase in water level because of the openings).  
 
Another mitigation measure that should be considered would be to raise the already existing 
(i.e. pre-tsunami) wall separating the beach from the main road, to a higher level. The wall is 
presently about 60 cm high on the beach side, see Figure 5.11. Increasing the height of the 
wall to about 4 – 5 m above still water level would greatly reduce the impact of a tsunami like 
the December 2004 event.  
 
Yet another option would be to construct a breakwater in the sea across Patong Bay to stop or 
limit tsunami impact. The calculations in Appendix E show that a breakwater with a 100-
metre opening would result in a 2.3 metre rise in water level behind the breakwater from a 6-
metre tsunami. Thus, a breakwater represents an effective mitigation measure, but would be 
rather costly compared to other measures.  Such a measure will require careful considerations 
of potential negative impact on coastal processes such as sand erosion and deposition in the 
bay and along the beach. 
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Figure 5.9 Patong City. Example of a master plan with escape routes and green escape 

hills. 
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Figure 5.10 Cross section through the proposed dike / sand dune in Patong 

 

 
Figure 5.11 A low wall separates the beach from the road in Patong City; this could be 

raised if preferable. 
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5.3.2 Bang Niang  

About 100 tourist resorts were located on the 12 km long stretch of the Bang Niang beach 
before the +10 to +12 metre tsunami struck on 26 December 2004, causing massive 
destruction and loss of lives. The natural ground level behind the beachfront typically lies at 
+4 to +5 metres in Bang Niang, so the proposed short- to medium-term design tsunami event 
would not result in any damage (+2.5 m to +3.0 m). No action is therefore strictly necessary 
in the short- to medium-term. 
 
Due to the natural processes that created the beautiful beach, the area is relatively flat. The 
resort area comprises detached resorts along the beach. The areas behind (east of) the resort 
area are not intensively used or developed. This makes the use of physical barriers like dikes 
or breakwaters as mitigation measures impractical and costly. The main road is located rather 
far from the beach, close to the base of the hills surrounding the bay. Most of the local 
housing is found in vicinity of the road and also close to the base of the hill.  
 
If the local authorities want to improve tsunami safety in the medium- to long-term in Bang 
Niang, the process of master plan development with special focus on tsunami hazard should 
be initiated as soon as possible, and before the area is filled with resorts again. Landscaping 
seems to be an interesting approach to tsunami safety in Bang Niang. Since the bay area is 
flat, the only safe areas during a severe tsunami are the hills about 1 to 3 km inland. For many 
areas, this means long escape routes.  
 
One way of shortening the escape routes would be to build elevated escape routes from the 
beach and eastwards, until reaching safe heights. One could also artificially elevate the land 
on which houses, hotels and other buildings are sited, singly, in clusters or as parts of wider 
developments, as shown in Figure 5.13. This would allow the hills or the buildings to serve as 
safe places. Escape hills could also be erected by hotel developers in a joint effort, or by 
public authorities, in order to serve as safe areas for some or all of the hotels in the bay. Such 
structures would probably remain for a very long time. If a tsunami strikes within the next 
200 to 400 years, people in the area may once again not understand what is happening (as in 
the December 2004 tsunami), but at least they will be able to escape to safety. Safe houses 
could serve the same function, but are not as long-lasting.  
 
The sooner landscaping is discussed in the overall planning, the easier and more cost-efficient 
it will be to implement the mitigation measures. Lot consolidation in order to acquire land for 
common escape hills could be considered as an opportunity in a master plan.  
 
In an awareness-building context, escape hills could include reminders (pictures, engravings 
or the like) of the tsunami hazard, and how to behave in the event of one.  
 
During the 2004 tsunami, only a limited number of the 2-3 storey hotel buildings collapsed, 
although many walls and windows were blown out, see  
Figure 5.12. Buildings that did not collapse probably saved many lives. Smaller bungalows 
were generally more severely damaged. By incorporating bylaws in the master plan, through 
local plans or a local building code, buildings erected in the inundation zone would have to 
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meet the tsunami safety requirements, as previously discussed. Introducing new building 
codes or requirements in the master plan could be effected quite quickly, and should anyway 
come into force ahead of rebuilding and other developments in Bang Niang.  
  
a) Smaller concrete constructions with minor foundation were tossed around by the tsunami 

 
 

 
 

b) Larger structures with solid foundations are still standing, but are severely damaged 
 
 

 

Figure 5.12 Example of damages in Bang Niang 

 
Tourism is presently the main industry in Bang Niang, and the natural beauty of the area and 
the beaches are the main attractions. Aesthetic qualities must therefore be given special 
attention when discussing mitigation measures. As the illustrations in Figure 5.13 depict, 
mitigation measures focused on landscaping could be implemented without necessarily 
affecting the beauty of the place. Moreover, measures like local ground level elevation could, 
if properly designed, add to the attraction of the area.  
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Plan: 

Section: 

 
Figure 5.13 Plan and section, illustration of landscaping as means for improving tsunami 

safety as well as the resort and holiday qualities. Escape hill as part of the 
project design. 
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Figure 5.14 Vernacular Thai architecture. 

 
Figure 5.15 Cross-section of a proposal for a resort bungalow after traditional Thai 

architecture. 
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Traditional Thai architecture, see example in Figure 5.14, is interesting in the study of 
mitigation measures because for centuries it has adapted to local conditions, i.e., climate, 
insect and animal population, local materials, craftsmanship and recurring events like floods. 
Architecture has developed in a cost-efficient way for the community, in response to social, 
religious, cultural, economic and practical needs and resources. 
 
For tourists, this kind of architecture could provide tsunami safety blended with a cultural 
approach and a pleasant microclimate within the building. A sketch of a modern tourist 
bungalow based on traditional Thai architecture is shown in Figure 5.15. 
 
5.3.3 Nam Khem 

The fishermen’s village Nam Khem is situated north of Bang Niang, where the river Khlong 
Pak Ko meets the Andaman Sea. The village was severely hit by the 2004 tsunami, losing 
more than half of its population.  
 
The village ground level lies at +3 to +6 metres, making the village generally safe from short- 
to medium-term tsunami events (+2.5 m to +3.0 m). The greatest risk would be faced by 
people involved with their boats or in other activities at the waterfront. 
 
If the local authorities want to reduce possible tsunami consequences in a long-term 
perspective, Nam Khem represents a challenging and difficult case, not least in view of the 
following reasons: 
 

• The village is almost completely surrounded by water, see Figure 5.16. 
• The distance from the harbour to safe areas (in terms of the 2004 tsunami) is 1 – 2 

kilometres 
• The main village street runs parallel to the waterfront, which lengthens the escape 

routes 
• There are several large (abandoned) mining ponds in the village, making escape inland 

more difficult 
• The mining ponds are also a  tsunami risk in themselves (it was reported that many 

drowned in them during the 2004 tsunami) 
 
The high number of deaths in Nam Khem during the 2004 tsunami is attributed to these 
factors, together with the fact that many people were at the sea front as the tsunami struck, 
and that many were killed by debris and fishing boats thrown around (as illustrated in Figure 
5.17). Most building units, most of the fishing fleet, the harbour, and the fish farming and 
processing facilities were totally destroyed as well.  
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Figure 5.16 Aerial photo of Nam Khem after the 2004 tsunami. 

 

 
Figure 5.17 Fishing boats were thrown about in Nam Khem. 

 
Nam Khem is organised along an organic net of streets formed by the mining activity. In the 
centre of the village, the (mostly) two-storied houses are built wall to wall along the streets. 
Shops, restaurants and workshops are located at street level, with living areas on the first 
floor,  
Figure 5.18. The village outskirts host detached, relatively simple, bungalows, located more 
independently from the road. The village has a harbour as well as facilities for handling and 
distributing fish. The pier houses relatively large aqua farming facilities.  
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Figure 5.18 The main street in Nam Khem, July 2005 

 
After the tsunami, the village itself and the army (ordered in by the Government) have rebuilt 
the village, more or less as it was before the tsunami. Figure 5.19 shows the structure of the 
new residential houses. The local authorities were not all happy about this, since the old 
locations, layout and design of the village made it quite vulnerable to the tsunami. Some 
would have preferred other alternatives considered, such as relocating the village or making 
the street plan more effective.  
 
It seems like artificial sand dunes have been constructed along a short stretch of the beach 
running west of the village, probably to protect the aqua farming facilities. Local authorities 
have at least temporarily banned developments of any kind within 30 m from the shoreline on 
this beach.  
 
Before the tsunami, the village and its harbour were protected by a peninsula of sand and 
corals. Its tip was partly destroyed by the tsunami, and the village is now more vulnerable to 
monsoon storms. Whether to repair the breakwater tip of the peninsula, or wait for natural 
processes to complete the job (which they are doing quickly) is currently being debated.  
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Figure 5.19 The smaller and simpler houses in the village are rebuilt with concrete 

columns on concrete foundations, with brick walls. Steel roof trusses and 
corrugated iron plates are used for the roof. 

 
 
A new school was built in a safe, higher lying area about one kilometre inland. Escape routes 
from the village to safe areas have been marked with large signs, see example in Figure 5.20.  
 
Because Nam Khem was so badly affected by the 2004 tsunami, radical long term changes 
should be considered such as: 
 

• Relocating the village to safer areas further inland, or to artificially elevate land close 
to its present location 

• Lot consolidation and new layout of the village 
• Construction of safe areas (escape hills) or elevated escape routes 
• Construction of dikes around the city  
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Figure 5.20 A tsunami warning sign in Nam Khem. 

 
In the long term, relocating the village should be considered at the master plan level. A 
thorough analysis would be needed, where tsunami safety of course would be a main topic, 
but where aspects such as keeping the fishermens’ homes as close as possible to the harbour, 
and the cost of abandoning built structures, are also important considerations. The authorities 
are already considering hiring consultants to prepare a master plan for Nam Khem and the 
surrounding areas, in a tsunami safety context. 
 
If Nam Khem had not been rebuilt so soon after the tsunami, lot consolidation and planning to 
establish a new and more tsunami safe layout of the village would have been obvious 
recommendations. In the present situation, where the village is already rebuilt, and where land 
ownership and the right to use land are being contested by a mining company and the 
villagers, this is not an option.  
 
An important and less drastic approach to improving tsunami safety would be to analyse the 
existing network of escape routes and safe places, in order to find ways of reducing the 
distances to safe places (construction of artificial safe areas, improving escape routes). Safe 
areas in Nam Khem must be situated 8 to 9 metres above sea level to be safe from a 
December 2004 type tsunami. Many villagers who survived that tsunami did so because they 
were able to reach sand heaps in and close to the village, left over from the mining days. 
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Several locations in Nam Khem, in and close to the village, lend themselves to development 
as escape hills. One could fill in the biggest pond in the village, and build an escape hill there 
for instance (bearing in mind that the ponds are important freshwater sources for the 
villagers), or escape hills could be located in the hinterland of the village, on so far 
undeveloped land. One could also build safe houses, as discussed in previous chapters.  
 
Whether new safe areas are built or not, the escape routes from the village to safe areas should 
be improved. This can be done simply and effectively by modifying the street pattern in the 
village, filling in some of the smaller ponds to shorten escape routes and clearing and marking 
walkways through the bush. But longer lasting, if more expensive, measures, such as elevated 
escape routes from the village to safe areas on higher ground, could also be considered.    
 
Another more drastic mitigation measure would be to build a city wall or dike (the height 
depends on the preferred safety level) to protect the central parts of Nam Khem. The harbour, 
the aquaculture and other business facilities, along with activities in need of easy access to the 
sea would of course have to be located outside such a wall or be an integrated part of such a 
wall/dike. Other village activities like housing, restaurants, shops and the like would be 
located within. Calculations in Appendix E show that a city wall would greatly reduce the 
tsunami hazard in Nam Khem, and that several openings in the wall could be allowed without 
the wall losing its effectiveness.  
 
Figure 5.21 shows how a dike could be deployed in Nam Khem. In this proposal, the dike 
protects a far larger area than the present village and could be made shorter. The combination 
of an overtopping dike and efficient escape routes or escape hills will probably add 
substantially to the tsunami safety in Nam Khem.  
 
As illustrated in Figure 5.21, part of the barrier/dike could be a commercial area for receiving 
and processing of the catch of the local fishing fleet. The buildings must be designed to 
withstand the force from the tsunami. Figure 5.22 shows cross sectional sketches through a 
dike overtopped, and with residential areas behind.  
 
The illustrations are based on limited knowledge about Nam Khem. If a city wall is 
considered, thorough local planning, including environmental impact assessment, must be 
carried out and the effects of the chosen design must be calculated in the local context.  
 
Furthermore, the inundation zone in Nam Khem should be indicated on all planning maps, 
especially the master plan, in order to remind the community of the tsunami hazard. As a 
minimum, a local building code to be in force in tsunami hazard areas (or in all flood hazard 
districts) should be developed and adopted as soon as possible, as discussed in previous 
chapters.  
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Figure 5.21 Nam Khem protected by a wide protection dike. 

 

Escape routes
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a) Physical barrier: Dike 

b) Physical barrier: Tsunami safe building 

Figure 5.22 Cross-section through Nam-Khem with buildings as a protection wall. 
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6 LOCAL INTERACTION AND DISSEMINATION OF RESULTS 

In order to facilitate transfer of knowledge, it was part of the scope of work to interact with 
relevant local technical expertise. This has included arrangement of a training workshop for 
about 30 of Department of Mineral Resources (DMR) staff on 23 September 2005, as well as 
involvement of DMR staff in the collection of various data and background materials. An 
Advisory Panel consisting off local Thai authorities, institutions and organisations including 
NGO’s was established to ensure that local knowledge and experiences are considered and the 
results of the project would be of value and used when specific reconstruction and 
rehabilitation plans were developed and implemented. Appendix G lists the members of the 
Advisory Panel, and presents Minutes of the Advisory Panel meetings. 
 
To enhance the use of the results, the Technical Executing Organisation (TEO) staff has 
presented the project and preliminary results at three regional seminars, workshops and 
conferences:  
 
• A presentation of the project at the CCOP annual meeting in Beijing on 17 September 

2005. 
• A half-day presentation of the project at the 5th Regional Training Course on Tsunami & 

Earthquake Vulnerability reduction for Cities arranged by the Asian Disaster 
Preparedness Center (ADPC) in Phuket on 22 September 2005. There were 25 
participants from 8 different countries. 

• A three-day workshop arranged by CCOP in Phuket 7-9 December 2005 where 
methods, assessments, and possible plans and recommendations were presented and 
discussed. There were participants from Thailand, Malaysia, Indonesia and other CCOP 
member countries as well as India and Sri Lanka. 

• Presenting the project and preliminary project results at the special session “Dealing 
with future tsunami risks in Thailand” held at the International Conference on 
Geotechnical Engineering for Disaster Mitigation and Rehabilitation in Singapore, 12-
13 December 2005. 

• A 1-day dissemination seminar with 50 Thai participants and 1 invited participant form 
each of the countries Sri Lanka, India, Malaysia and Indonesia in Bangkok held in 
Bangkok on 9 March 2006.  
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A1 EARTHQUAKE SCENARIOS AND RETURN PERIODS 

The present section includes a discussion of the seismotectonics conditions in the Sunda-
Andaman region, a review and analysis of the 26 December 2004 earthquake, including the 
source model needed for tsunami modelling (see Appendix B), and finally the reasoning be-
hind and a description of the selected scenarios, including the associated return periods. 
 
The present appendix also includes three annexes that are developed as integral parts of this 
study: 

• Annex A1 from K. Atakan and M.B. Sørensen, University of Bergen, addressing the 
seismotectonics of the Sumatra-Andaman subduction zone and the tsunamigenic 
earthquake potentials for Thailand. 

• Annex A2 from L. McNeill and T. Henstock, National Oceanography Centre, South-
ampton, addressing the regional earthquake-initiated tsunami hazards and in particular 
the geologic constraints on coseismic seafloor deformation. 

• Annex A3 from Dr. François Schindelé, France, commenting on an earlier draft ver-
sion of the Main Report from this study. 

 
The annexes have all been used as an important basis for the results presented below. Fur-
thermore, the authors of the annexes have participated in internal seminars and discussions as 
part of the project. However, since the annexes were written as independent contributions 
subcontracted under this study, all of their conclusions have not been necessarily adopted as 
project conclusions.  

A1.1 Seismotectonics of the Sumatra-Andaman region 

Annexes A1 and A2 contain fairly detailed discussions of the regional seismotectonics of the 
Sumatra-Andaman subduction zone, and in the following we therefore limit ourselves to in-
troducing some general topics and to discussing some specific questions of relevance to this 
study. 
 
The interior of the Earth is now well known in terms of its physical properties that are mapped 
largely by use of seismic waves from earthquakes, probing all depths down to the centre at 
about 6400 km below the surface. The depth distribution of seismic velocities and densities is 
consistent with a constitution that comprises a thin crust with an average depth of about 30 
km, a solid mantle down to about 2900 km and a core below that consists of a fluid outer core 
that is responsible for the Earth’s magnetic field, and a solid inner core that consists mostly of 
iron and which is about 7000oC at its centre.  
 
The Earth is therefore a dynamic system in which large amounts of thermal energy is stored, 
some of which is exchanged with the surroundings in terms of convection and conduction. 
Radioactive matter in the Earth also produces significant amounts of heat. The interior of the 
Earth is therefore still so warm that it acts as a ’boiling pot’ that causes transfer of heat (con-
vection currents) and associated movements both inside the Earth and on its surface.  Much of 
this takes place in the mantle and in particular its upper parts, made possible by the fact that 
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the viscosity of the mantle allows it to behave (over long time) as a liquid, in spite of the fact 
that it is essentially solid. 
 
The result of this is the well known concept of plate tectonics, which was largely developed in 
the 1960’s and which represented a significant improvement in our understanding of geology 
in general and crustal dynamics in particular. While this has been called a scientific revolution 
and a paradigm shift, it was also building solidly on the work of earlier scientists, such as the 
British geologists (Hutton, Lyell) who developed the concept of gradualism (in contrast to 
catastrophism) that also Darwin profited greatly from.  
 
The large-scale convection currents are the main driving mechanism behind plate tectonics, 
explaining in turn many of the major geologic processes as well as the global first-order dis-
tribution of earthquakes and volcanoes. A tectonic plate is a more-or-less rigid body, of 
greatly varying size, consisting of the crust and parts of the upper mantle, typically 100 km 
deep (the lithosphere). The plates are moving on an underlying softer layer (the astheno-
sphere). One of the ways in which plates collide is what we see in subduction zones, where an 
oceanic plate is subducted under a thicker and stronger continental plate. The ‘ring of fire’ 
around the Pacific contains several major subduction zones, and another important one is the 
very long Sunda trench (or arc), as seen in Figure A1.1. The Sunda trench is a very active 
fault zone. From southeast of Sumatra, the trench is passing along all of Sumatra and then off 
the west side of the Nicobar and Andaman islands in the Indian Ocean. The total length of the 
subduction zone is about 5000 km. 
 
Figure A1.2 illustrates the deformations (dislocations) that occur when stress is released in a 
subduction zone. As the subducting plate is slowly moving down, pulling the overlying plate 
along in a locked fault zone, the stress is increasing until the frictional strength is exceeded 
and the overlying plate is bouncing back. The motion is primarily in the fault plane, but since 
that plane for parts of the Sunda trench is dipping at 15-20 degrees (Bilham et al., 2005; see 
also Annex A1) some of the movement will also be vertical, extending all the way to the sea 
bottom (see Appendix B). Most tsunami-generic earthquakes have surface (i.e., sea bottom) 
ruptures. 
 
Subduction zones are known to release more energy than along any other type of plate bound-
ary. The reason for this is essentially related to the fact that the size (magnitude) of an earth-
quake is strictly related to the area over which the rupture takes place, i.e., the size (length L 
and width W) of the fault, as shown in the following relation for seismic moment: 

ADM μ=0 , where μ is the average shear modulus (rigidity), A (=LW) is the fault area, and D 
is the displacement or slip across the fault, also termed dislocation. What is called moment 
magnitude (Hanks and Kanamori, 1977) is then defined as: 06.6log 03

2 −= MMW , where 
seismic moment is defined in units of Nm.  
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Figure A1.1 Seismotectonics of the Sunda Arc region, with seismicity, source zones and 

fault sources used in a seismic hazard analysis (From Petersen et al. 2005). 

 
In subduction zones both the length L and (in particular) the width W of the fault (the depth 
extent) can become much larger than for example in strike-slip regimes like California, result-
ing in much larger maximum magnitudes for similar rigidities. In fact, Scholz (2002; courtesy 
of J. Pacheco) showed that for the period between 1904 and 1986 more than 25% of all seis-
mic energy released globally came from the M 9.5 earthquake in Chile in 1960.   
 
In subduction zones most of the seismicity is related to the contact zone at the top of the 
downgoing slab (Figure A1.2). However, much of the movements are often also aseismic, de-
pending on the seismic coupling coefficient which is between 0 and 1. This coefficient ex-
presses how much of the total energy is released seismically (more precisely it is the ratio be-
tween seismic and geologic moment release rates), and may vary significantly between differ-
ent subduction zones.  Subduction zones are generally classified into two different types, the 
compressive ’Chilean’ type, with shallow subduction and large events, and the extensional 
’Mariana’ type, with steep subduction and no really large earthquakes. 
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Figure A1.2 Schematic cross section through the shallow portion of a subduction zone. 

From Lay and Wallace (1995). 

 
The Sunda-Andaman trench is considered to belong to the first of these subduction zone 
types. Even so, estimates for the Sunda Arc coupling coefficient have been varying consid-
erably even within the zone, reflecting an uncertainty with respect to the seismic potentials. 
This is illustrated in Figure A1.3 where a classical relationship between subduction rate, geo-
logic age and magnitude is shown, indicating that M 7.9 (the highest known when published) 
is a good estimate for the maximum magnitude in this zone. As seen in the figure, a rapid 
subduction and a young age creates the largest magnitudes. 
 
The 26 December 2004 earthquake, with a 1200 km long rupture trace (Figure A1.4), proved 
this assessment magnitude potentials to be incorrect in the case of the Sunda trench, probably 
related to the fact that both subduction rates and geologic age (Ritzwoller et al., in press) vary 
considerably along the arc. Subduction rates are known at least to be ranging between 10 and 
50 mm/year (Petersen et al, 2004; Lay et al., 2005; Bilham et al., 2005), with variations also 
in time (Sieh et al., 1999; Natawidjaja et al., 2004), while the age may be ranging between 40 
and 100 million years (Ritzwoller et al., in press). 
 
In fact, the potentials of the Sumatra subduction zone have certainly been recognized also be-
fore the 26 December 2004 earthquake, even though the long extent of the rupture could not 
possibly be foreseen. For example, Petersen et al. (2004), in an assessment of earthquake haz-
ards for this region (Figure A1.1), estimated the maximum magnitude to be 9.2, with a return 
period of 265 years. This is largely consistent with the assessment in the present study. 
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Figure A1.3 Maximum observed earthquake magnitude in different subduction zones plotted 

as a function of convergence rate and age of the subducting lithosphere. (From 
Lay and Wallace, 1995; modified from Ruff and Kanamori, 1980). 

 
Figure A1.4 Rupture trace of the Sumatra earthquake, with the size of the circles indicating 

the amount of energy released and the colours the time. Numbers 1 and 2 indi-
cate the position of the two major seismic energy releases (From Krüger and 
Ohrnberger, 2005). 
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A2 THE 26 DECEMBER 2004 EARTHQUAKE 

The giant M 9.3 earthquake on 26 December 2004 started rupturing west of the northern tip of 
Sumatra, near the Simeulue Island. Within ten minutes after initiation, the earthquake slip had 
propagated 1200 km northwards from the epicentre, but in a very complicated way and with 
significant variations along the way in terms of rupture speed, slip and energy release (Figure 
A1.4, Figure A2.1). The rupture velocity was highest in the south, slowing down further north 
(Bilham, 2005). A detailed study of parts of the source region that are most useful for this 
study is provided in Annex A2. 
 
 
 

 
 

Figure A2.1 Rupture zones and slip mechanisms for the Sumatra earthquake and the Nias 
earthquake 3 months later (Walker et al., in press), with historical earth-
quakes, slip distribution, segment magnitudes, and rupture development and 
aftershocks vs. time. (From Bilham, 2005). 
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A large number of papers on this earthquake have already been published, including Ammon 
et al. (2005), Banerjee et al. (2005), Bilham (2005), Bilham et al. (2005), Ishii et al. (2005), 
Lay et al. (2005), Krüger and Ohrnberger (2005), Ni et al. (2005), Park et al. (2005), Stein and 
Okal (2005), Titov et al. (2005) and Vigny et al. (2005). Many more papers will appear in the 
near future and in the years to come, including in a planned special issue this year of the Bul-
letin of the Seismological Society of America.  
 
 
A3 FUTURE SCENARIOS AND RETURN PERIODS 

In spite of the considerable research efforts spent already on the 26 December 2004 earth-
quake, we are still far from understanding fully what took place during that extraordinary 
event, why it happened and what can be expected for the future along this plate boundary. It is 
the last of these tasks, involving earthquake prognostics, which will be addressed in the fol-
lowing. 

A3.1 Methodology; historical earthquakes 

It was decided early in this project that a probabilistic approach would not be a realistic ap-
proach for delineating the future earthquake and tsunami potentials for the coastal areas of 
Thailand. There are two main reasons for this: 

• It would be very difficult to develop a useful probabilistic model for the occur-
rence of earthquakes along the Sumatra-Andaman subduction zone, in particular 
since the larger earthquakes have a recurrence pattern that is statistically different 
from the smaller ones. 

• To develop a useful probabilistic tsunami hazard model would be even more diffi-
cult, in particular since the connection between average fault slip (dislocation) and 
seabed displacements is complicated and difficult to develop prediction models 
for. 

 
This is illustrated in Figure A3.1 and Figure A3.2 where we have analyzed some tsunami data 
from the Pacific Tsunami Warning Center with the conclusion that it is only a small number 
of subduction zone earthquakes actually generate tsunamis, especially for magnitudes below 
8.0.  
 
When the subduction zone statistics for South America, Japan and the Sunda Arc are com-
bined one finds that 34% of the shallow events with M ≥ 7 are reported to have generated a 
tsunami, 71% for M ≥ 7.5 and 84% for M ≥ 8.0. When combining this with Figure A3.2, 
however, one realizes that most of these tsunamis are very small: only 20% have wave heights 
of 3 m or more.  
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Figure A3.1 Historical tsunami statistics from the South American and Sunda Arc subduc-
tion zones, for magnitudes above 7.0, 7.5, 8.0 and 8.5, respectively. The red 
column is the total number of shallow events reported (Engdahl et al., 1998), 
the blue is the total number of tsunamis reported, and the yellow and green are 
tsunamis reported above 1 and 2 m, respectively. 
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Figure A3.2 Cumulative distribution of reported tsunami wave heights in m for the complete 

Pacific Tsunami Warning Center tsunami data base (all regions). 

 
It should be noted in this respect that ‘wave height’ in the tsunami catalogue used here is a 
worst case number (i.e. the highest wave height observed anywhere), and that different defini-
tions of the term may have been used (this confusion of terms includes also ‘run-up’; see the 
Glossary for the way in which the terms are defined in this study). 
 
Realizing that a probabilistic approach is not optimal, the best alternative would be using sce-
narios, but on the condition that an indication of return periods could be associated with the 
scenarios, in order to be able to address the consequences properly in terms of risk. In this 
way the assessment will still in part be probabilistic. 
 
Besides the tsunami statistics in Figure A3.1 and Figure A3.2 the historical and contemporary 
seismicity were also used. The published literature on the seismicity and tectonics of the 
Sunda Arc, and in particular its northern parts, formed the basis for defining the scenarios. 
The offshore post-event study documented in Annex A2 has also been an important basis for 
the scenario definitions. For the Sumatra-Andaman region, the most important of the histori-
cal events are shown in Table A3.1, indicating that the known historical earthquakes are rela-
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tively modest compared to the 26 December 2004 event. Further south along the trench, how-
ever, there are many large historical earthquakes.  
 

Table A3.1 Significant historical earthquakes in the Sumatra-Andaman region (From Bil-
ham et al., 2005). 

Year and date Magnitude Comments 
1847, 31 Oct. 7.5-7.9 Five weeks of aftershocks 
1881, 31 Dec. 7.9 & 7.0 Two events. 150×60 km rupture, slip 

2.7 m. Tsunami in Bay of Bengal. 
1941, 26 June ~7.7 150×50 km rupture, slip 2-3 m. 

 

A3.2 Definition of scenario earthquakes 

All of the information just reviewed has been used in defining the scenarios, in addition to 
another important criterion, namely that the events should be located such that they had a 
worst case effect on the coastal regions of Thailand (see Appendix B). Those windows are 
clearly the region between Sumatra and Nicobar, between Nicobar and Andaman, and the re-
gion north of Andaman, as shown in Table A3.2 where the scenarios are defined (see also 
Figure A3.3). The scenarios are reflecting a gradually decreasing potential for large ruptures 
when moving northwards along the Sumatra-Nicobar-Andaman segment of the subduction 
zone. 

Table A3.2 Scenario earthquakes as defined in this study. 

Magnitude Location 
9.3 The 26 December 2004 earthquake 
8.5 (1) Between Sumatra and Nicobar 

(2) Between Nicobar and Andaman 
7.5 (1) Between Sumatra and Nicobar 

(2) Between Nicobar and Andaman 
(3) North of Andaman 

7.0 (1) Between Sumatra and Nicobar 
 
In addition to the main subduction zone it was also considered to locate scenarios on the An-
daman Sea Fracture Zone and in the NW extension (into the sea) of the Great Sumatra fault, 
which accommodates a trench-parallel component of the plate motion in this area (see also 
Annex A1). The first one of these can easily be shown to have less significance, while the sec-
ond one is more difficult to evaluate. It is likely that the Sumatra fault has moved closer to 
failure since 26 December 2004 (McClosky et al., 2005; Nalbant et al., 2005), but in order to 
be tsunamigenic the dislocation at the tip of the fault would have to contain a significant ver-
tical component. However, since this is a lot more uncertain than repeated dip-slip movements 
in the subduction zone itself the Sumatra fault has also not been included with the scenarios.  
 
It can be seen in Table A3.2 that the scenario list starts with the 26 December 2004 earth-
quake. The reason for this is threefold: first, the event has happened and will eventually (al-
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beit not identically) happen again; second, the event is needed as a seismological scaling ref-
erence which the smaller scenario events can be linked to; and third, this earthquake is used 
for calibrating the tsunami modelling (see Appendix B). 
 
The model that for these purposes has been developed for the M 9.3 earthquake is parameter-
ized in the first part of Table A3.3. The model is broadly consistent with seismological inver-
sions available (see Annex A1) at the same time as it is tuned to wave height data for the as-
sociated tsunami (see Appendix B).  The rupture model has been partitioned into six segments 
with lengths between 90 and 360 km, altogether 1350 km. Each segment has been character-
ized by a width and a slip in both ends (south and north), with widths between 140 and 210 
km and slip values between 4 and 18 m. The individual segment magnitudes are those that 
would be valid if only that one segment had ruptured. 
 

 
Figure A3.3 Location of scenario earthquakes, where black is for M 9.3, red for M 8.5, yel-

low for M 7.5 and blue for M 7.0. Yellow star is the epicentre of the 26 Decem-
ber 2004 earthquake. 
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It has been assumed here that the average rigidity on the rupture plane for the megathrust 
event is 40 GPa (Bilek & Lay, 1999), which for the segments combined gives a released 
seismic moment of 1.11⋅1023 Nm, corresponding to a moment magnitude (MW) of exactly 9.3. 
The model is therefore a balance between what is known from the seismological side and the 
wave height observations from the 2004 tsunami. 
 
Scenarios for possible future earthquakes with potential sea bottom displacements have been 
developed by locating the events as shown in Table A3.2 and Figure A3.3. These scenario 
events, being models for what could happen in the future, have been defined with source rup-
ture characteristics where the scaling properties are guided by theoretical (Aki and Richards, 
1980) as well as empirical scaling relations (Wells and Coppersmith, 1994).  
 

Table A3.3 Scenario earthquake segmentation and parameterization for use in tsunami 
modeling. The columns denote rigidity, segment length, width and slip in both 
ends of each segment (from S to N), seismic moment and corresponding magni-
tude. The last line gives the complete event. 

 
 Rigidity L W1 W2 S1 S2 Moment Mag. 
 (GPa) (km) (km) (km) (m) (m) (Nm) MW 
M 9.3 40 362 210 160 17 18 4.69E+22 9.05 
 40 94 160 140 5 5 2.82E+21 8.24 
 40 185 140 155 18 15 1.80E+22 8.78 
 40 185 155 170 12 18 1.80E+22 8.78 
 40 185 170 210 9.2 11.1 1.43E+22 8.71 
 40 340 210 210 4 4 1.14E+22 8.65 
   1351     1.11E+23 9.30 
         
M 8.5 30 160 100 100 7.25 0 1.74E+21 8.10 
 30 160 100 100 7.25 7.25 3.48E+21 8.30 
 30 160 100 100 0 7.25 1.74E+21 8.10 
   480     6.96E+21 8.50 
         
M 7.5 20 50 30 30 3.625 0 5.44E+19 7.10 
 20 50 30 30 3.625 3.625 1.09E+20 7.30 
 20 50 30 30 0 3.625 5.44E+19 7.10 
   150     2.17E+20 7.50 
         
M 7.0 15 28 17.5 17.5 2.625 0 9.65E+18 6.60 
 15 28 17.5 17.5 2.625 2.625 1.93E+19 6.80 
 15 28 17.5 17.5 0 2.625 9.65E+18 6.60 
   84     3.86E+19 7.00 

 

A short version of such scaling properties is shown in Table A3.4. However, it should be 
noted that such relations are always broken for the very largest events, even for subduction 
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zones as demonstrated by the 26 December 2004 event, and that the Wells and Coppersmith 
(1994) data are limited to MW 8.2 and include all types of faulting mechanisms (their database 
of reverse faulting was limited to M 7.5).  The fault widths in Table A3.4 therefore decrease 
much slower with magnitude than the fault lengths.  

The question of scaling relations is a major issue in seismology. For subduction zone events 
the width can grow more than it can do in plate margin areas, where the sensitivity to magni-
tude becomes more critical since larger earthquakes (say above M = 6.7) that reach the depth 
of the seismogenic (brittle) zone can grow only in the horizontal direction (Scholz, 1990). 
This is in turn related the discussion of whether slip scales with the length or the width of the 
fault (Scholz, 1994; Romanowicz, 1994; Wang and Ou, 1998). The topic of source scaling 
relations is possibly not as well solved for subduction zones as for continental earthquakes, 
due to a weaker observational basis. 

Table A3.4 Theoretical (Aki and Richards, 1980) and empirical (Wells and Coppersmith, 
1994) linear scaling ratios for fault dimensions (length, width and slip). See 
comments in the main text. 

 
Magnitude Linear scaling ratios 
 Theoretical Empirical 
9.3 1.0 1.0 
8.5 2.5 2.7 
7.5 7.9 9.1 
7.0 14.3 16.9 

 
The scaling properties used for the scenario events were also guided by available analysis re-
sults for the 28 March 2005 Sumatra (Nias) M 8.6 earthquake (Ammon et al., 2005; Walker et 
al., 2005), where the slip was highest in the central parts of the fault zone. The epicentre of 
the Nias earthquake was just south from the epicentre of the 26 December 2004 earthquake 
and the rupture extended south-eastwards from there.  
 
The fault lengths for the M 8.5, 7.5 and 7.0 scenario events in Table A3.4 are seen to be 480, 
150 and 84 km, the widths are 100, 30 and 17.5 km, the slips are peaking at 7.3, 3.6 and 2.6 
m, and the average rigidities have been set to 30, 20 and 15 GPa, reflecting the decreasing 
depths of the ruptures. It is seen that the rupture models have been tapered down to zero slip 
at both ends, maintaining the moment release and the corresponding magnitude. 
 
The decreasing rigidity for more shallow ruptures is important since this creates relatively lar-
ger dislocations (slips) for the smaller events, provided they are shallow so that they rupture 
through less consolidated sediments. The dislocation D as derived from the above relation is a 
best (mean) estimate. In reality D has a distribution which allows for both smaller and larger 
displacements. 
 
The way in which the dislocations for the scenario events are transferred to the seabed is dis-
cussed and documented in Appendix B. 
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A3.3 Return periods for the scenario events 

Since the M 8.5 event as shown in Appendix B represents a crucial magnitude in terms of tsu-
nami effects for Thailand, a key issue in risk assessment will be the return period for such 
magnitude earthquakes. This problem has been approached along two paths, one through 
magnitude-frequency regressions on available seismicity catalogues, and one through tectonic 
considerations, related to average slip rates for the different parts of the subduction zone. The 
main problem with using seismicity is that the seismological record is short (complete only 
since 1964). Ideally, data should cover several cycles of seismicity, where paleoseismological 
data (Sieh et al., 1999; Natawidjaja et al., 2004) in some cases may be providing useful addi-
tional constraints. The tectonic approach, on the other hand, is based on the assumption that 
the fault is locked and that the seismic coupling is complete, which we know is true only to 
some extent (see the discussion in Section A1.1 on regional seismotectonics), and moreover 
dependent on varying conditions along the trench. 
 
Analysis of seismological data from 1964 through 1999 (Engdahl et al., 1998), which is a 
time period with fairly complete coverage, shows that the activity along the Sumatra trench, 
for shallower source depths (<90 km), gives a quite stable cumulative recurrence curve as fol-
lows (see also Annex A1): 

MN ⋅−= 96.087.5)log( , 

where N is the number of events with magnitude M or greater. This relationship is shown 
with a black line in Figure A3.4, where similar regressions are also shown for the Java trench 
and the Andaman-Nicobar segments. 
 
This magnitude-frequency relation yields a seismologically inferred return period of T = 195 
years for M 8.5 and 1140 years for M 9.3. For the Java trench further east the activity is a lit-
tle lower, corresponding to 260 years for M 8.5. Due to the differences in convergence rates 
this is, however, less relevant as a reference for the Nicobar-Andaman subduction zone. 
 
Along the Nicobar-Andaman subduction zone the activity is a lot lower than for Sumatra-
Java, decreasing northwards (Figure A3.4). The whole zone, which is about 1000 km long, 
gives a recurrence of: 

MN ⋅−= 0.146.5)log( , 

where a b-value of 1.0 is forced on the regression. This gives a seismicity based return period 
of T = 1100 years for M 8.5. This zone is, however, naturally divided into two segments, 
since the subduction rate is about 48 mm/year in the south (near the northern tip of Sumatra), 
decreasing to about 14 mm/year in the north. Both of these rates are GPS-based measurements 
of the velocity vectors perpendicular to the trench (Bilham et al, 2005; Vigny et al, 2005). 
While the Nicobar-Andaman segment in this way has been divided in two parts considering 
the difference in subduction rates, reliable assessment of the historical seismicity could not be 
made independently for the two segments. Assuming uniform seismicity, the southernmost 
2/5 of this zone therefore gets a return period of about 2700 years [T = (1100-1*2/5)-1] while 
the northern 3/5 gets a return period of about 1800 years [T = (1100-1*3/5)-1]. 
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Figure A3.4 Annual magnitude-frequency distributions, based on seismicity data for 1964-

2000, for the Sumatra trench (black line), the Java trench (red line), and the 
Nicobar-Andaman trench. In the latter case the pink line indicated a free re-
gression with a slope (b-value) of – 1.22 while the blue line is a forced regres-
sion with a slope of -1.0. There are also indications of some large historical 
earthquakes (see Table A3.1). 

 
Recurrence times as inferred from subduction rates (based on measurements of relative plate 
velocities prior to the 2004 event) provide in contrast lower bound estimates, assuming com-
plete coupling. An average subduction rate of (48+14)/2 = 30 mm/year (which is trench per-
pendicular convergence on the southern segment) combined with an assumption that a M 8.5 
event will release 6 m of slip gives a return period of T8.5  = 200 years [T = 6000/30] for the 
southern segment, while a rate of 14 mm/year for the northern segment gives T8.5 = 430 years 
[T = 6000/14]. These values of 200 and 430 years for the southern and northern Nicobar-
Andaman segments should be compared to values of 2700 and 1800 years obtained from the 
seismicity. 
 
For a megathrust event of M 9+ along the entire northern Sumatra subduction zone an average 
slip of 13 m will give a tectonically-derived lower bound return period of T9+ = 270 years [T = 
13000/48], while the seismicity indicated T9.3 = 1140 years. The seismic coupling factor can 
explain some of this difference, resulting in a longer tectonic return period. It is therefore not 
unreasonable to assume also that an overestimated seismic coupling will increase the 
megathrust return time from 270 years to an adjusted value of about 400 years for the north-
ern part of the Sumatra trench. Another reason for this upward adjustment of the subduction-
based recurrence interval is the fact that the Sumatra trench considered here includes parts of 
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the zone that is considered to have potential to rupture only southwards (Singh et al., 2005, 
DeShon el al., 2005). 
 
A similar reasoning for the southern Nicobar-Andaman segment, where the return periods 
were 200 and 2700 years, will lead to an adjusted value of T8.5 = 400 years, while the 430 and 
1800 years for the northern segment may be combined into an adjusted value of T8.5 = 800 
years. Admittedly, these adjustments include a clear element of expert judgement in a situa-
tion with considerable epistemic uncertainties.  
 
When applying this adjustment, a lot more confidence has been given to the tectonically-
derived estimates than to the earthquake catalogue that covers only 36 years of unbiased data. 
The large historical earthquakes dating some 150 years back in time (magnitudes between 
7and 8; Bilham et al., 2005) are not really helpful for constraining these numbers any better, 
even though they are fully consistent with the estimated return periods. 
 
At the megathrust (M 9+) level, the only viable scenario (for an event affecting the coastal 
areas of Thailand) is one which starts in the northern part of the Sumatra trench and ruptures 
northwards similar to the 2004 earthquake. Somewhere immediately north of the M 8.6 Nias 
earthquake on 28 March 2005, which propagated mostly southwards, there is a tectonic bar-
rier which is expected to cause north-westward ruptures on the northern side and south-
eastward ruptures on the southern side. Singh et al. (2005) maintain that this barrier is in the 
form of a lithospheric-scale boundary which starts near the Simeulue Island and continues up 
to the east of the Nicobar Islands, eventually joining the Sumatra Fault in the north. 
 
It is the combined occurrence rates of a megathrust earthquake with the rates of a more ‘local’ 
M 8.5 earthquakes that defines the T8.5+ values related to tsunami potentials for Thailand. This 
combined return period is estimated as follows: 

111 )(
5.83.9

−+= TTcT , 

which is based upon adding the number of events per year, or the occurrence rates N=1/T, that 
stems from each of the two sources, the megathrust and the ‘local’ sources. The combined re-
turn period is then the inverse of the sum of the two N-values.  
 
For the southern segment both of the return periods were 400 years so the combined on 
Tc(8.5+), using the above formula, will then be 200 years (two events over 400 years). For the 
northern segment the two return times were 400 and 800 years, so the combined return time 
Tc(8.5+) in this case will be 270 years. These numbers reflect the occurrence rates of the earth-
quakes, and it is important to keep in mind here that all of those below megathrust level will 
not necessarily cause tsunamis, in particular since this requires shallow ruptures. 
 
The return period for M 8.5+ earthquake for Thailand has in the above been estimated to 
around 200 years for the window between Sumatra and Nicobar and 270 years for the window 
between Nicobar and Andaman. These return periods cover the occurrence of an M 8.5 event 
on the Nicobar-Andaman trench, combined with an M 9+ event that starts rupturing further 
south along the Sumatra trench, similarly to the 26 December 2004 earthquake. The results on 
return periods are summarized in Table A3.5. 
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Table A3.5 Summary of return period estimation, where (1) is based on 13 m slip at 48 
mm/year, (2) is based on 6 m slip at a rate of 30 mm/year (average of 48 and 
14), and (3) is based on 6 m slip at 14 mm/year. The last two rows are refer-
ring to the combined return period from a megathrust event starting outside 
northern Sumatra and a ‘local’ 8.5 event further north. 

 
 Return periods 
M = 9.3 Seismicity Subduction Subd. adjusted 
Sumatra N 1140 270 (1) 400 
    
M = 8.5 Seismicity Subduction Subd. adjusted 
Sumatra N 195   
N-A (Nic.-And.) 1100   
N-A south 2700 200 (2) 400 
N-A north 1800 430 (3) 800 
    
M = 8.5+ M = 9.3 M = 8.5 Combined 
N-A south 400 400 200 
N-A north 400 800 270 

 
 
The corresponding return period for M 8.0 events can be inferred from the slope of 1.0 in the 
Gutenberg-Richter recurrence relationship log(N) = a-1.0*M, implying that this return period 
for M 8.0 always can be estimated as a factor of 100.5 = 3.16 shorter than the M 8.5 return pe-
riod. Based on this scaling we find that for an M 8.0 earthquake the above ‘combined’ return 
times will be 95 and 150 years, respectively, for the two Nicobar-Andaman segments. For the 
two segments together this combines to 60 years as the return period for an M 8.0 earthquake.  
 
There is a remaining issue which is equally important as the return period, namely when these 
events are likely to occur within the occurrence cycle. Recent paleoseismological research on 
different subduction zones (e.g., Satake et al., 1996; Clague, 1997; Cisternas, 2005) has indi-
cated that the megathrust events are relatively regular in their occurrence. The implication of 
this is that another M 9+ event in the Sumatra subduction zone with potential tsunami effects 
on Thailand will most likely not occur before at least 400 years after the 2004 megathrust 
earthquake. 
   
For the M 8 to 8.5 tsunamigenic events, the cyclicity is less predictable (more random), but 
even for such events the probability of occurrence will be quite low for a long time after 2004, 
increasing gradually with time. The reason for this is that the 26 December 2004 rupture cov-
ered the entire subduction zone up to north of Andaman, thereby releasing accumulated stress 
over the whole region where the present scenarios are located. 
 
In conclusion it is found in this study that the return time for an M 9.3 earthquake with poten-
tial tsunami effects on the coastal regions of Thailand will be around 400 years, affecting the 
entire Nicobar-Andaman region, while an earthquake with magnitude 8.5 or larger has been 
given a return time of 200 years in the southern part of that region and 270 years in the  
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northern part. For earthquakes of magnitude 8.0 or larger the corresponding return times are 
estimated to be 95 and 150 years, respectively. It is noteworthy, however, that the probability 
of occurrence for such events, and in particular the largest ones, will be very low for a very 
long time following the 2004 megathrust earthquake. 
 
Finally, it should be emphasized that the tsunamigenic potentials evaluated in this study apply 
only to the areas of subduction zone where fault rupture might cause a tsunami that affects the 
coastal areas of Thailand. Tectonically, this means subduction zone ruptures north of the 28 
March 2005 Nias earthquake. The earlier discussed tectonic barrier near the Simeulue Island 
(Singh et al., 2005, DeShon et al., 2005) makes it very unlikely that a megathrust earthquake 
can start south of this barrier region and rupture in a north-westerly direction far enough to 
affect Thailand. Further southeast along the subduction zone, however, the 26 December 2004 
may even have increased the risk for large earthquakes (Stone and Kerr, 2004; Schiermeier, 
2005), in a similar way as for the Great Sumatra Fault. It is therefore important to emphasize 
that the tsunami risk conclusions presented in this study for Thailand are not applicable to the 
areas further southeast along the coast of Sumatra. 
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A4 ANNEX A1:  SEISMOTECTONICS OF THE SUMATRA-ANDAMAN SUB-
DUCTION ZONE: AN ANALYSIS OF THE TSUNAMIGENIC EARTH-
QUAKE POTENTIAL  FOR THE COASTAL AREAS OF THAILAND. (BY K. 
ATAKAN AND M.B. SØRENSEN DEPARTMENT OF EARTH SCIENCE, UNIVERSITY OF BERGEN) 

 
Summary 
 
This report is prepared within the framework of the project “Tsunami Risk Reduction Meas-
ures With focus on Land Use and Rehabilitation: Case studies carried out for Thailand, con-
ceptual results applicable to all tsunami affected areas around the Indian Ocean and the An-
daman Sea” and includes contributions from the Department of Earth Science, University of 
Bergen (UiB) on the interpretations of the seismotectonics of the Sumatra-Andaman subduc-
tion zone and an analysis of the tsunamigenic earthquake potential for the coastal areas of 
Thailand. The Sumatra-Andaman subduction zone with its potential for generating large 
thrust earthquakes has been a concern for the coastal areas of Thailand, especially following 
the tragic consequences of the tsunami generated by the Dec.26, 2004 Sumatra-Andaman 
mega-thrust earthquake (M=9.3). The analysis and the interpretations presented in this report 
are aimed at providing a basis for understanding the tsunamigenic earthquake potential of the 
Sumatra-Andaman subduction zone as well as other associated structures. The general charac-
teristics of the seismotectonics of the Sumatra-Andaman subduction zone are defined. The 
likelihood of occurrence of tsunamigenic earthquakes in the area north of latitude 5oN is as-
sessed based on the source rupture process of the Dec.26, 2004 Sumatra-Andaman and March 
28, 2005 Nias earthquakes. In addition, the Andaman Sea rift zone is evaluated for its seismic 
potential based on the instrumental seismicity and the seismotectonic behaviour of the spread-
ing zone. 
 
Future occurrence of large thrust earthquakes (M>8) associated with the subducting plate is 
most likely controlled by the latest events and the slip distribution of especially the Dec.26, 
2004 mega-thrust earthquake.  In this respect, the northern limit of the fast slip during the 
Dec.26, 2004 event is important. This limit is believed to be restricted to the area between the 
latitudes 10-12oN. The occurrence of historical earthquakes in this region, especially the 1881, 
Car-Nicobar earthquake is critical, as it probably defines the “typical” expected large tsuna-
migenic earthquake size. An analogy here can be made to the March 28, 2005 event with its 
source rupture characteristics. The most critical event for the Thai coast in the Andaman Sea 
is therefore believed to be the future occurrence of a tsunamigenic thrust earthquake along the 
northern part of the Andaman segment of the Sumatra-Andaman subduction zone. Other pos-
sible earthquake occurrences in the Andaman Sea rift zone as well as the Great Sumatra Fault 
zone are considered to be of lesser importance as these regions are not expected to produce 
very large earthquakes (M>8). 
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Seismotectonics of the Sumatra-Andaman subduction zone 
  
Seismotectonics of the convergent plate margin along the Sumatra trench is dominated by the 
thrust earthquakes that occur along the subduction zone. The NNE oriented motion of the In-
dian-Australian plate (with velocities approx. 6 cm/year; Khan and Gudmundsson, 2005) 
gives rise to an oblique collision which results in strain partitioning (McCaffrey et al., 2000; 
Simoes et al., 2004). The trench perpendicular (ca. NE-SW) component of this motion is ac-
commodated by the pure thrust earthquakes that take place along the coupled plate interface 
between the subducting Indian-Australian and the overriding Sunda plates (Figure 1-3). The 
shallow angle of this subduction along this interface allows considerable stress accumulation 
and it is therefore capable of generating large thrust earthquakes. Occurrence of the mega-
thrust earthquakes however, were not observed until the Dec.26, 2004 Sumatra-Andaman 
earthquake (MW =9.3). The trench parallel component of the plate motion is accommodated, 
on the other hand, by large strike-slip earthquakes that occur along the two parallel strands of 
faults, the Great Sumatran Fault that lies parallel to the western coast of mainland Sumatra 
and its offshore equivalent the Mentawi Fault (Prawirodirdjo et al., 1997; McCaffrey et al., 
2000; Bilham, 2005). 
 
The geometry of the Sumatra-Andaman subduction zone 
 
The geometry of the subducting plate along the Sumatra-Andaman subducion zone varies 
along the trench. The most striking feature is that the distribution of the epicenters follows the 
general trend of the trench (Figures 4-6). The obvious change of the trench orientation from 
south to north controls the distribution of the earthquakes which form an arc-like structure 
(Figures 2 and 3). The subduction plate interface as expressed by the earthquake distribution, 
is wider in the south than in the north and there seems to be a marked change at around 10oN 
(Figures 4-7). This coincides with a location where the epicentral distribution of the seismic-
ity splits into two main lines, one parallel to the trench and another one towards the Andaman 
Sea. The seismicity associated with the latter is shallow (<30 km) and is associated with the 
back-arc spreading at the Andaman Sea.  
 
The hypocentral depth distribution of instrumental seismicity reveals that the dip of the 
downgoing plate is relatively low (around 10o) at shallower depths (less than 30 km). With 
increasing depth, the dip becomes steeper and may be as steep as 40-45o. The cross-sections 
shown in Figures 8-11 illustrate the changing dip along the trench. The maximum depth of the 
earthquakes range between 150-300 km and seems to gradually increase from 150 km in the 
north (at around 13oN) to almost 300 km in the south (at around 4oN). 
 
The back-arc spreading along the Andaman Sea is poorly expressed in terms of the bathym-
etry. Previous interpretations of the seismicity in this region have revealed the existence of the 
rift zone (e.g., Eguchi et al., 1979; Banghar, 1987; Ortiz and Bilham, 2003). Based on the dis-
tribution of the focal mechanisms (Figure 7), it is possible to identify the different segments 
of the rift (dominantly normal mechanisms) and the offsetting transform faults (dominated by 
strike-slip faulting). A rough indication of the different rift and transform segments are shown 
in Figure 7. In a recent study, Ritzwoller et al. (in review) have found a low velocity layer be-
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neath the Andaman Sea coincident with these observations (Figure 12). The extent of the 
spreading zone is probably limited and the transition both to the North and the South occur 
through strike-slip faulting. The estimated length of the rift segments is approximately 100-
150 km.    
 
Historical earthquakes along the Sumatra-Andaman subduction zone 
 
Prior to the Dec. 26, 2004 earthquake and the accompanying tsunami, there have been several 
large (M>8) destructive and tsunamigenic thrust earthquakes in the history. The most signifi-
cant of these are the 1797 (M =8.4), 1833 (M=9.0) and 1861 (M=8.5) earthquakes that oc-
curred south of the Dec 26, 2004 earthquake rupture (Bilham, 2005; Lay et al., 2005), 
whereas there have also been a few significant earthquakes with slightly smaller size along 
the Nicobar (M=7.9) and Andaman (M=7.7) islands regions in 1881 (Ortiz and Bilham, 2003) 
and 1941, respectively. Occurrence of these large earthquakes, are typical both in size and 
frequency for the Java-Sumatra subduction zone. However, the Dec.26 2004 earthquake dif-
fered both in its enormous dimensions covering a total fault area of almost 1300 km along 
strike with variable width between 160 to 240 km, as well as in its slip characteristics.  
 
Source models for the Dec.26, 2004 Sumatra-Andaman mega-thrust earthquake 
 
The Dec.26, 2004 event started with a rupture at a latitude around 3o North along the Sunda 
trench at a depth of about 30 km. The rupture reached up to 20 m slip with fast velocities (ca 3 
km/sec) for the first 420 km (Sumatra segment), then slowed down for the next 325 km (Ni-
cobar segment) with an average rupture velocity of 2.5 km/sec and 5 m slip (Lay et al., 2005). 
The remaining Andaman segment which extends northwards for about 570 km, had very slow 
slip with, on the average, less than 2 m displacements, distributed over a time segment from 
600 up to 3500 seconds. This has produced seismic signals and excited free oscillations of the 
earth which could be recorded with very long periods up to 20 min. (Park et al., 2005; Stein 
and Okal, 2005). The first 600 seconds of the seismic signal consisted of the faster Sumatra 
segment rupture at the southern end of the fault which transitionally changed into a slower 
slip along the Nicobar segment. During this transition the width of the fault also narrowed 
down from 240 km to 170 km, between these two segments (Bilham, 2005; Lay et al., 2005). 
The seismic moment (MO) of the fast and the slower segments were 6.5 x 1022 N-m and 3.0 x 
1022 N-m, respectively. In total the earthquake had a seismic energy (ER) equivalent of 4.3 x 
1018 J. (Bilham, 2005; Lay et al., 2005; Ammon et al., 2005). The following March 28, 2005 
event (M=8.6) occurred in the vicinity of Nias island and had a similar location as the 1861 
(M=8.5), and the smaller 1907 event (M=7.8). This event was probably triggered by the stress 
transfer caused by the mega-thrust earthquake of Dec.26, 2004 (McClusky et al., 2005). 
 
There has been a number of source inversions made immediately after the Dec.26, 2004 
earthquake was recorded on global seismic stations. Based on the teleseismic records and the 
inversion schemes used, different earthquake source-slip models have been obtained and pre-
sented (Figures 13-19). The most notable of these were the source inversions made by Ji 
(2005) and Yagi (2004). Glimstad et al., (in review) have applied both these in tsunami source 
models. In addition, other extended versions of these models based on the recent results and 



Tsunami Risk Reduction Measures Report No.: 20051267-1
 Date: 2006-01-14
Tsunami Risk Reduction Measures with Focus on Land use and Rev.: 
Rehabilitation  Rev. date: 
Appendix A Page: A22

 

f:\p\2005\12\20051267\8_reports\mainreport-final\doublesidededition\060130-mainreport-final_appa.doc HB 

interpretations made by several authors (e.g. Lay et al., 2005; Ammon et al., 2005), as well as 
own interpretations, were utilized (Figure 20). 
 
The main uncertainty with regard to the source, concerns the slip distribution and the variation 
of rupture velocity along the entire fault length of 1300 km. The initial 420 km have been 
successfully modeled by both Ji (2005), Yamanaka (2005) and Yagi (2004), however, the 
northward extension of the fault and the transition from a fast to slow slip has been difficult to 
interpret with regard to the tsunami generation. The general consensus reached by several au-
thors recently (e.g. Bilham, 2005; Lay et al., 2005; Ammon et al., 2005; Stein and Okal, 
2005), agree on the rupture characteristics of the southernmost Sumatra segment with its fast 
slip (Figure 20). However, the transition from fast to slow slip along the Nicobar segment and 
the following extremely slow slip generated by the northernmost Andaman segments is poorly 
understood with respect to their contribution to the resulting tsunami. It is important to note 
here that the total energy released is tripled due to this slow slip component, from the initial 
estimates of MW =9.0 to MW=9.3. Although the slip was very slow, the geodetic data (GPS) 
indicate permanent deformations in the order of several meters along the Andaman segment 
(Bilham, 2005).   
 
Source Models for the March 28, 2005 Nias Earthquake 
 
The earthquake of 28 March 2005 (M=8.7) occurred along the southern part of the Sumatra 
trench close to the island of Nias. The location and the size of this earthquake is similar to the 
historical earthquake that occurred along the same segment in 1861. The March 28, earth-
quake was also a typical thrust event occurring along the plate interface between the subduct-
ing Indian-Australian plate in the SW and the overriding Sunda plate in the NE. 
 
Yagi (2005) has inverted the teleseismic body waves for the March 28, 2005 earthquake and 
has found that the rupture nucleated on the south side of the Dec. 26, 2004 event and propa-
gated approximately 300 km in the SE direction (Figure 21 and 22). Maximum displacements 
reached 10 m underneath the Nias island, where the largest asperity is presumably situated. 
The source rupture inversion results are given in Figure 21 and 22. The source parameters ob-
tained from this inversion (Yagi, 2005) are as follows: 
 
The seismic moment: MO= 1.6 x 10**22 Nm  
The moment magnitude: MW = 8.7 
The source duration: T= 150 seconds 
Focal mechanism (strike, dip, rake): Ø = 329o δ = 14o λ = 115o 
Hypocenter: Lat. = 2 o.065N; Lon. = 97 o.010; depth = 28 km 
 
The area of largest asperity (i.e. with largest co-seismic slip of 10 m) is approximately 75 x 75 
km2. In addition there is one more asperity (average slip is approx. 6-7 m) with a smaller di-
mension (approx. 50 x 75 km2). The remaining slip is concentrated in four minor zones with 
dimensions varying between 25 x 50 km2 to 50 x 50 km2 (average slip is ca 3-5 m). More re-
cently, Walker et al. (in prep.) have inverted the teleseismic P-waves for the source rupture 
process of the March 28, 2005 event and have found an average slip of 5.9 m (Figures 23-25), 
using an assumed rigidity of 42 GPa (Bilek and Lay, 1999). It should be noted that the 1861 
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earthquake with its magnitude and location is remarkably similar to the March 28, 2005 
earthquake (Walker et al., in prep.). 
 
 
Tsunamigenic earthquake potential of the  
Sumatra–Andaman subduction zone 
 
Taking into account that the Sumatra-Andaman subduction zone has already produced the 
mega-thrust earthquake of Dec. 26, 2004 (M=9.3), the tsunamigenic earthquake potential that 
may affect the coastal areas in the Indian Ocean and especially the Thai coast in the Andaman 
Sea, is now closely associated with the possible occurrence of M>7 earthquakes along the 
northern Andaman Segment of the Sunda trench and the Andaman Sea oceanic rift.  
 
The location and the extent of the rupture area for the Dec.26, 2004 earthquake is outlined in 
Figure 3. The rupture area of the earthquake is simply divided into three segments following 
interpretation by Lay et al., (2005). In this report we refer to these three segments as (from 
south to north): SA-S: Sumatra Andaman earthquake Sumatra Segment; SA-N: Sumatra-
Andaman earthquake Nicobar Segment; and SA-A: Sumatra-Andaman earthquake Andaman 
Segment. During the rupture, the fast slip occurred mainly along the southern two segments, 
whereas the northernmost Andaman segment (SA-A) ruptured through a slow slip generating 
the observed Earth’s free oscillations. It is believed that this latter segment did not contribute 
significantly to the tsunami generation (Glimsdal et al., in prep).  This leaves only the remain-
ing northern Andaman segment of the subduction zone where there may still be a potential for 
generating a significantly large earthquake.  The tsunami hazard from the southern Nias seg-
ment has already been manifested by the March 28, 2005 earthquake (M=8.7) where no sig-
nificant effect of the resulting tsunami was recorded along the coastal areas of Thailand. In 
this respect, the only two areas where a future large earthquake may generate a tsunami that 
may affect this region remain to be the Andaman segment of the subduction zone together 
with the associated rift structures in the Andaman Sea controlled by the extension tectonics.   
 
Understanding the earthquake potential of these two zones (red ellipses in Figure 3), requires 
an analysis of the historical and instrumental earthquakes that have occurred in the past. In 
this respect, two earthquakes deserve attention, which occurred in 1881 and 1941 along the 
northernmost part of the Nicobar Segment of the Sunda trench (the two green ellipses in Fig-
ure 3).  Using the tide-gauge records from the 1881 event Ortiz and Bilham (1989) have in-
vestigated the extent of the tsunami wave in the Indian Ocean and inferred the source parame-
ters and the rupture area for this event. The size of the event is estimated to be M=7.9 which 
can be considered as typical for potential tsunamigenic earthquakes in the region. In this sense 
the Dec.26, 2004 mega-thrust earthquake represents an exception. The more recent 1941 
event further north along the same segment had a slightly lower magnitude of 7.7. This event 
also triggered a tsunami which was recorded along the eastern coast of India where casualties 
were reported (Murty and Rafiq, 1991). Given the plate convergence rate of 5.4 cm/year by 
global plate reconstructions (DeMets et al., 1990; 1994), and the absence of significant earth-
quakes in the historical record, the occurrence of similar size events along the northern An-
daman Segment is considered to be likely. The total length of the Andaman Segment is capa-
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ble of accommodating several events of tsunamigenic size (i.e. M>7.0-7.5). It is therefore 
considered important that at least two scenario events from this segment with magnitudes at 
the lower and upper bound of the scale (i.e. 7.5 and 8.7, respectively). The arguments for as-
signing the lower and the upper bounds may differ according to various interpretations. How-
ever, there exist some constraints, such as the location and extent of the rupture area of the 
1941 earthquake and the total length of the Andaman segment. 
 
The tsunamigenic potential of the Andaman Sea spreading ridge (referred to as OR: oceanic 
rift in Figure 3), on the other hand, is relatively small due to the upper-bound limit of earth-
quake size along such divergent plate boundaries. The typical size of dip-slip earthquakes 
does not exceed magnitude 6.0-6.5. The likely occurrence of strike-slip events along the trans-
form segments of the spreading axis may give rise to larger magnitudes (M>7.0), however, 
the vertical component of the slip is assumed to be negligible and hence their tsunamigenic 
potential can be considered low.   
 
Another significant source of earthquakes is the Great Sumatra Fault, which accommodates 
the trench parallel component of the oblique plate motion in this area. The influence of static 
stress-transfer caused by the Dec.26, 2004 earthquake on the neighboring segments is demon-
strated by the March 28, 2005 Nias earthquake (McClosky et al., 2005). The possible effect 
on the Great Sumatra Fault and its northern offshore extent, however, remains to be seen. Pre-
liminary calculations of Coulomb stress change (Sørensen et al., 2005) indicate that the likeli-
hood of occurrence of a significant earthquake along this fault zone is probably increased.   
 
Recurrence relations for large earthquakes in the Sumatra-Andaman subduction zone 
 
The recurrence relations for large earthquakes in the Sumatra-Andaman subduction zone are 
studied using regressions on the magnitude-frequency distributions of the recorded earth-
quakes in the region as reported in two catalogues, the ISC (International Seismological Cen-
tre) and EHB (Engdahl et al., 1998). The recurrence parameters (a- and b-values) from the so-
called Gutenberg-Richter relation (Log N = a – b*M) are computed based on linear regres-
sions using least-squares. The area north of the latitude 5oN, has been subdivided into three 
sub-regions which are studied separately. These are:  
 
Table 1. Segment boundaries 

Segment Latitude Longitude 
Nicobar 5-10oN 92-97.5oE 
Andaman 10-13.5oN 91.5-94.5oE 
North Andaman 13.5-17oN 92-95oE 

 
Here it should be noted that the segmentation shown in the above table is based on the distri-
bution of epicenters and should not be mixed with the segmentation shown in Figure 3, where 
the three segments of the Dec.26, 2004, great Sumatra-Andaman earthquake rupture are 
shown. The segmentation used in the recurrence analysis is made taking into account the 
changes in the seismicity distribution (Figure 6). In the analysis, only events above 50 km 
depth are included since deeper events are not expected to contribute significantly to the tsu-
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nami hazard. The longitude bands are set relatively narrow to avoid inclusion of events occur-
ring along the Great Sumatran Fault or the Andaman Sea rift zone. 
 
Two catalogues are studied separately: 
 

1) The ISC (International Seismological Centre) catalogue for the time period 1904-1999 
2) The EHB (Engdahl et al., 1998) catalogue for the time period 1900-1998 

 
The analysis has been performed using the b-value program in SEISAN, fitting a Gutenberg-
Richter relation to the cumulative magnitude distribution. For the ISC catalogue, analysis is 
performed for Mb and Ms separately. In general, the number of events with Mb is larger than 
for Ms. It could be assumed that Mb is reliable due to the fact that the majority of the magni-
tudes are less than 6.0. For the EHB catalogue, only one magnitude (of unknown type, proba-
bly Mw) is given. A general problem is the lack of data making the regressions uncertain. The 
results are summarized below in Table 2. The individual magnitude-frequency plots are 
shown in Figures 26-28. 
 
There is a general problem with the catalogue time span which is too short to include the lar-
ger events (M>7). The regressions are probably ok for the magnitudes less than 6.5, however, 
extrapolating for larger magnitudes gave unrealistically long recurrence times for the M=8.5. 
From literature (e.g. Ortiz and Bilham, 2003), the recurrence time for event similar to the Car-
Nicobar earthquake in 1881 is estimated to be 157 +/- 43 years. Similar recurrence times are 
also estimated based on paleoseismological data (e.g. Sieh et al., 1991; Zachariassen et al., 
2000; Natawidjaja et al., 2004). Additionally, Petersen et al. (2004) estimates 265 years recur-
rence interval for great earthquakes (M=9.2) along the entire Sumatra subduction zone.   
 
 
Table 2. Recurrence relations for the different segments. 
Catalogue Segment # of 

events 
Cat 
time 
span 
(yrs) 

Mag type 
and in-
crement 

a-
value 

b-
value 

Rec for 
8.5 
(yrs) 

Rec 
for 
6.5 
(yrs) 

Mb 0.2 9.44 1.47 40633 47 Nicobar 765 35.8 
Mb 0.5 8.81 1.36 20132 38 
Mb 0.2 8.72 1.46 172892 208 Andaman 234 35.3 
Mb 0.5 7.89 1.29 41944 110 
Mb 0.2 5.94 1.03 23056 201 Andaman-

North 
43 35.3 

Mb 0.5 6.84 1.23 145470 504 
Nicobar 157 87.3 Ms 0.5 6.19 0.83 640 14 

ISC 

Andaman 85 74.6 Ms 0.5 4.48 0.62 460 26 
Mw 0.2 5.51 0.73 449 16 Nicobar 32 90.7 
Mw 0.5 5.94 0.81 799 19 
   * * Andaman 10  
   * * 
   * * 

EHB 

Andaman-
North 

3  
   * * 

* too few data to make a regression.  
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The magnitude-frequency relations for larger earthquakes are probably not following the ex-
pected Gutenberg-Richter relation. The occurrence of the great Sumatra-Andaman event is a 
good example that very large magnitude events may have a different recurrence relation.  
 
 
Discussion: Remaining Issues 
 
The interpretations presented in this report are mainly based on the recently published results 
in the literature. Although the general characteristics of the seismotectonics of the Sumatra-
Andaman subduction zone are well-understood, there are a number of issues which remain 
unresolved. The uncertainties associated with these interpretations are therefore subject to im-
provements as more data and information is gathered from the region. What is obvious is that 
a mega-thrust earthquake such as the Dec.26, 2004 Sumatra-Andaman earthquake gives a 
much deeper insight to the understanding of the seismotectonic processes along subduction 
zones, which usually is not possible to obtain through the studies of smaller earthquakes typi-
cal for these regions. A number of questions were raised after the occurrence of this mega-
thrust event. Some of these are outlined below: 
 

1. What are the relative roles of fault area, seismic coupling, seismic vs aseismic slip, 
asperities, type and thickness of subducted sediments, and fluid flow?  
2. What is the physical nature of asperities? 
3. What are the temporal relationships among stress, strain and pore fluid composition 
throughout the earthquake cycle? 
4. What controls the updip and downdip limits of the seismogenic zone of subduction 
thrusts? 
5. What is the nature of tsunamigenic earthquake zones? 
6. What is the role of large thrust earthquakes in mass flux? 

 
Asperities are usually believed to represent regions of high strength (high friction) such that 
large amounts of locked slip accumulate in the interseismic period, to be released in a subse-
quent earthquake. An alternative interpretation however, defines asperities as regions of low 
dynamic friction that are therefore able to slip by larger amounts in an earthquake, promoting 
rupture over long distances. In this latter view, a high strength region may actually block fur-
ther propagation of earthquake slip. It is not clear if the asperities are only the source regions 
for past earthquakes, or if they are also regions that are currently locked, to rupture in the fu-
ture. In other words, do asperities have enduring significance? If so, they may be controlled 
by specific fault properties or features on the subduction interface, which can possibly be 
measured directly or otherwise quantified by models. Ultimately, comparing the “patchiness” 
of locked slip on the subduction interface as measured by interseismic geodetic data to subse-
quent slip distribution in the next large earthquake (measured seismically or geodetically) 
may help resolve this problem.  
 
Slow transient deformation in subduction zones may be quite common, but has until recently 
only been rarely observed. Slow/silent earthquakes were initially postulated on the basis of 
borehole strainmeter data, elevation data and low frequency seismic observations. Dense GPS 
data can facilitate much better recording of transient strain, which are outside the frequency  
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band of seismometers. Several transient events related to subduction zones have now been 
recorded in several regions, such as Japan, Kamchatka, Mexico and Cascadia. The existence 
of transient strain has important bearings in understanding the recurrence relations of earth-
quakes along subduction zones. Variation in pore fluid pressure within or near the plate 
boundary is particularly relevant to the issue of strain accumulation and release because of its 
direct control of effective normal stress on the fault plane.  
 
Another important feature of subduction zones is the up-dip limit for seismicity. Porosity 
losses and mineral dehydration reactions in response to increasing pressure and temperature 
initially release large amounts of water from subducted sediments and oceanic crust, probably 
maintaining high pore fluid pressures on the fault interface and limiting frictional build-up of 
shear stress and strain. At some point, however, the rate of fluid loss decreases, increasing ef-
fective stress and potentially allowing build-up of elastic strain and seismogenic behavior. 
The down-dip limit is on the other hand controlled by the dip of the subducting plate and is 
closely associated with the age of subduction and thermal processes along subduction zones.  
 
The onset of seismogenic behavior is probably both temperature-dependent (cementa-
tion/pressure solution) and stress-dependent (compaction). Both of these properties depend on 
the materials in the subduction interface plus fluid pressure distribution, and this could lead to 
a highly variable depth limit. Different regions may become “seismogenic” at different depths 
in the system and may do so in patches or more uniformly depending on the specific margin. 
It is also possible that topographic features on the down-going plate impart important pertur-
bations to the local state of stress, permeability, and distribution of materials and fluid pres-
sures within the subduction fault. 
Taking into account the above considerations, it is difficult to estimate precisely the seis-
mogenic behaviour of the subduction zones. This is also true for the study area, where the 
processes become more diffuse due to the oblique subduction and interference with the back-
arc extension in the Adaman Sea.  
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Conclusions: 
 
In the present report the general characteristics of the seismotectonics of the Sumatra-
Andaman subduction zone are defined. The likelihood of occurrence of tsunamigenic earth-
quakes in the area north of latitude 5oN is assessed based on the source rupture process of the 
Dec.26, 2004 Sumatra-Andaman and March 28, 2005 Nias earthquakes. In addition, the An-
daman Sea rift zone is evaluated for its seismic potential based on the instrumental seismicity 
and the seismotectonic behaviour of the spreading zone. 
 
Future occurrence of large thrust earthquakes (M>8) associated with the subducting plate is 
most likely controlled by the latest events and the slip distribution of especially the Dec.26, 
2004 mega-thrust earthquake.  In this respect, the northern limit of the fast slip during the 
Dec.26, 2004 event is important. This limit is believed to be restricted to the area between the 
latitudes 10-12oN. 
 
The occurrence of historical earthquakes in this region, especially the 1881, Car-Nicobar 
earthquake is critical, as it probably defines the “typical” expected large earthquake size. An 
analogy here can be made to the March 28, 2005 event with its source rupture characteristics. 
 
Recurrence of earthquakes in this region is difficult to obtain, especially for large magnitude 
events. This is due to the lack of instrumentally recorded large earthquakes, except from a few 
recent events. The suggested recurrence intervals for a magnitude 8.5 earthquake along the 
Sumatra-Andaman subduction zone (i.e. between the latitudes 5-18oN) are controlled by the 
occurrence of earthquakes with magnitudes less than 6.5 and therefore uncertain. The recur-
rence relation for larger earthquakes may be controlled by other processes causing non-
linearity to the Gutenberg-Richter relations. The shortest estimates of recurrence interval for 
M>8 earthquakes is 157 +/- 43 years (Ortiz and Bilham, 2003). For great earthquakes (M>9) a 
recurrence interval of 265 years is estimated (Petersen et al., 2004).  
 
Regarding the tsunamigenic earthquake potential of the Great Sumatra Fault (GSF) and its 
offshore extension in the Andaman Sea, little is known due to the lack of recorded large 
earthquakes. However, the pure strike-slip character of the GSF, changes into a releasing bend 
towards north and hence is able to produce oblique-slip earthquakes with significant normal 
components. In this sense, the amount of normal components can be critical in terms of verti-
cal surface displacements and hence tsunami generation. 
 
The spreading zone in the Andaman Sea is characterized by short rift segments offset by 
transform faults and is restricted to the area between the latitudes 10-14oN. The length of the 
spreading rift segments vary between 100-150 km. These segments are capable of generating 
earthquakes as large as 6.5 with almost pure normal faulting. Strike-slip events associated 
with the transform segments can be as large as 7-7.5 in magnitude. 
  
Based on the above considerations the most critical event for the Thai coast in the Andaman 
Sea is believed to be the future occurrence of a tsunamigenic thrust earthquake along the 
northern part of the Andaman segment of the Sumatra-Andaman subduction zone.  
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Figure 1. Seismotectonic setting of the Sumatra-Andaman subduction zone. Boundaries (heavy colored lines) 
of the Sunda (SU) and Burma (BU) plates; surrounding plates include India (IN), Australia (AU), and Yangtze 
(YA). The southeastern prong of Eurasia (EU) is not stable but is part of the Persia-Tibet-Burma orogen. Cross-
hatching in southwest shows Ninety East-Sumatra orogen. Transverse Mercator projection on meridian 108° E 
(Figure is from Bird, 2003). 
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Figure 2. Strain partitioning along the Sumatra-Andaman subduction zone as a result of the oblique collision 
of the India-Australia plate with the Sunda plate. GSF indicates the location of the Great Sumatra Fault which is 
a strike-slip fault. 
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Figure 3. The approximate location and the extent of the different segment so of the Sumatra-Andaman sub-
duction zone. SA-A: Sumatra-Andaman earthquake Andaman Segment; SA-N: Sumatra-Andaman earthquake 
Nicobar Segment; SA-S: Sumatra-Andaman earthquake Sumatra Segment; OR: Oceanic Rift in the Andaman 
Sea; NE: Nias earthquake of March 28, 2005; GSF: Great Sumatra Fault. The red ellipses indicate the potential 
areas where tsunamigenic earthquakes may occur in the future. The black ellipses indicate the rupturing seg-
ments of the Sumatra-Andaman Dec.26, 2004 and the Nias March 28, 2005 earthquakes. The locations of the 
major historical earthquakes are shown in black rectangles with the year of occurrence. The red arrow indicates 
the approximate orientation of the plate motion. The blue focal mechanisms (from Harvard University) are for 
the major earthquakes that have occurred prior to the Dec.26, 2004 event. The red focal mechanisms are the two 
solutions from the USGS and the Harvard University for the Dec.26, 2004 earthquake. The green focal mecha-
nisms indicate the fault plane solutions for the major aftershocks. The green line indicates the approximate loca-
tion of the Sunda trench.  
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Figure 4. The distribution of the seismicity in the Sumatra-Andaman subduction zone. The earthquake data are 
from the ISC catalogue for the last 40 years. The depth distribution is shown in different colours (red: 0-33km; 
green: 34-66km; blue: 67-99km; purple: 100-122km; turquoise: 123-155km; black: >155km). The two solutions 
for the focal mechanism of the Dec.26, 2004 Sumatra-Andaman earthquake are shown as large red symbols (for 
USGS: U.S. Geological Survey and HRVD: Harvard University). 
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Figure 5. Focal mechanisms from the Harvard catalogue for the period 1977-2005 (black: M<6; blue: M>6). 
The red solutions are for the aftershocks of the Dec.26, 2004 Sumatra-Andaman earthquake. The two solutions 
for the focal mechanism of the mainshock are shown as large red symbols (for USGS: U.S. Geological Survey 
and HRVD: Harvard University). The focal mechanisms shown in green are for the significant aftershocks. 
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Figure 6. The distribution of the seismicity along the Sumatra-Andaman subduction zone from the ISC cata-
logue for the last 40 years. The blue circles represent the epicenters prior to the Dec.26, 2004 event, whereas the 
red circles are for the aftershocks. The two solutions for the focal mechanism of the main shock are shown as 
larger red symbols (for USGS: U.S. Geological Survey and HRVD: Harvard University). 
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Figure 7. Focal mechanisms (from Harvard University Centroid Moment Tensor Solutions Database) within 
the time period 1978-1998. Yellow lines (solid) indicate the segments of the assumed Andaman Sea spreading 
axis. The yellow (stippled) line in the south is a diffuse spreading axis assigned, based on the occurrence of nor-
mal faulting events. The red (solid) lines indicate the possible location of the transform faults offsetting the 
spreading axis.  
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Figure 8. Detailed depth cross-sections across the Sumatra-Andaman subduction zone. The location of the 
cross-section line is shown in the upper figure (E-W oriented at 4oN). Seismicity data are from ISC for the period 
1960-1999. In total there are 5320 events. Note the vertical exaggeration. 
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Figure 9. Detailed depth cross-sections across the Sumatra-Andaman subduction zone. The location of the 
cross-section line is shown in the upper figure (E-W oriented at 7oN). Seismicity data are from ISC for the period 
1960-1999. In total there are 5320 events. Note the vertical exaggeration. 
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Figure 10. Detailed depth cross-sections across the Sumatra-Andaman subduction zone. The location of the 
cross-section line is shown in the upper figure (E-W oriented at 10oN). Seismicity data are from ISC for the pe-
riod 1960-1999. In total there are 5320 events. Note the vertical exaggeration. 
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Figure 11. Detailed depth cross-sections across the Sumatra-Andaman subduction zone. The location of the 
cross-section line is shown in the upper figure (E-W oriented at 13oN). Seismicity data are from ISC for the pe-
riod 1960-1999. In total there are 5320 events. Note the vertical exaggeration. 
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Figure 12. S-wave velocity anomalies depicting the Wadati-Beniof zone (from Ritzwoller et al., in review). 
Note the low-velocity anomaly below the Andaman Sea corresponding to the back-arc extension and spreading 
along Andaman Sea rift zone. Locations of the three cross-sections are shown on the maps to the right, which 
show the horizontal distribution of the S-wave velocity anomalies at 50 and 100 km depths. 
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Figure 13. Source rupture process of the Dec.26, 2004 Sumatra-Andaman earthquake (from Ji, 2004). The 
source inversion is based on teleseismic records and the resulting slip distribution on the fault is shown with re-
spect to the location of the trench. Pink circles indicate the location of the main aftershocks. Red star is the 
hypocenter location of the main-shock. Note that the inversion is only done for the first 450 km of the fault (The 
Sumatra segment). 
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Figure 14. Details of the co-seismic slip distribution of the Dec.26, 2004 Sumatra-Andaman earthquake (from 
Ji, 2004). The source inversion is based on teleseismic records. Maximum slip is 20m. 
  

 
 
Figure 15. Source rupture process of the Dec.26, 2004 Sumatra-Andaman earthquake (from Ji, 2004). The 
vertical and the horizontal component of the co-seismic slip are shown in separate figures (left: vertical compo-
nent; right: horizontal component). 
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Figure 16. Source rupture process of the Dec. 26, 2004 Sumatra-Andaman earthquake (from Yagi, 
2004). The inverted co-seismic slip distribution is shown for the southern segment of the rupture. The 
possible extent of the rupture with slow-slip is indicated by the purple ellipse.  
  



 

Tsunami Risk Reduction Measures Report No.: 20051267-1
 Date: 2006-01-14
Tsunami Risk Reduction Measures with Focus on Land use and Rev.: 
Rehabilitation  Rev. date: 
Appendix A Page: A47

 

f:\p\2005\12\20051267\8_reports\mainreport-final\doublesidededition\060130-mainreport-final_appa.doc HB 

 
 
 
 

 
 
Figure 17. Source rupture process of the Dec. 26, 2004 Sumatra-Andaman earthquake (from Yagi, 
2004). The focal mechanism and the source-time function are shown in the upper diagrams, whereas 
the co-seismic slip distribution is shown in the lower part. 
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Figure 18. Source rupture process of the Dec.26, 2004 Sumatra-Andaman earthquake (from Yamanaka, 
2005).  Note that the inversion is only limited to the southernmost  segment of the fault.  

 
 
Figure 19. Source time function comparison of the Dec.26, 2004 Sumatra-Andaman earthquake with two 
other large subduction zone earthquakes (from Michigan SFT-Project, 2005). The 1996 Irian Jaya (Mw=8.1) and 
1995 Mexico (Mw=7.8) earthquakes are two of the larger underthrusting earthquakes that occurred in the past 10 
years. While the peak amplitudes of the STFs for the 1996 Irian Jaya and 2004 Sumatra events are similar, the 
2004 Sumatra STF has a much longer duration. Indeed, the 2004 Sumatra event joins the 1957 Aleutian Islands 
earthquake (Mw=8.7) as the two great events with STF durations that are 5 minutes or longer.  
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Figure 20. Source model of the Dec.26, 2004 great Sumatra-Andaman earthquake (from Lay et al., 2005). 
Note that the three segments outlined here have different slip characteristics with fast slip in the southern seg-
ment gradually decreasing towards north. 
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Figure 21. Source rupture process of the March 28, 2005 Nias earthquake based on teleseismic body waves 
(Yagi, 2005). 
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Figure 22. The slip distribution and the extent of the fault rupture for the March 28, 2005 Nias (M=8.7) earth-
quake, based on the teleseismic body-wave inversion (Yagi, 2005b). The yellow star indicates the location of the 
rupture initiation point (hypocenter) as determined by the USGS. The red star is the hypocenter of the Dec. 26, 
2004 event. The purple shaded area corresponds roughly to the rupture area of the 2004 earthquake (as modeled 
by Yagi, 2005). 
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Figure 23. Occurrence of large earthquakes around Nias. From Walker et al., 2005 (in prep.) 
 

 
 
Figure 24. Source rupture process of the March 28, 2005 Nias earthquake (from Walker et al., in prep.). 
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Figure 25. Co-seismic slip distribution for the March 28, 2005 Nias earthquake (from Walker et al., in prep.). 
 

 
Figure 26. The Frequency magnitude distribution of earthquakes in the ISC catalogue for the Nicobar segment 
(see Table 2 for details).  The magnitude increment used is 0.2 and the magnitude type is mb. 
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Figure 27. The Frequency magnitude distribution of earthquakes in the ISC catalogue for the Andaman seg-
ment (see Table 2 for details).  The magnitude increment used is 0.2 and the magnitude type is mb. 
 
 
 

 
 
Figure 28. The Frequency magnitude distribution of earthquakes in the ISC catalogue for the Andaman-North 
segment (see Table 2 for details).  The magnitude increment used is 0.2 and the magnitude type is mb. Using 
magnitude increment of 0.5 does not give reliable result due to the low number of events.  
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A5 ANNEX A2: REGIONAL EARTHQUAKE-INITIATED TSUNAMI HAZ-

ARDS AND THE GEOLOGIC CONSTRAINTS ON COSEISMIC SEA-
FLOOR DEFORMATION. (BY L. MCNEILL AND T. HENSTOCK, NATIONAL OCEANOG-
RAPHY CENTRE, SOUTHAMPTON, UK) 

 
1. 2004 RUPTURE PROPERTIES AND DISTRIBUTION OF SLIP 
 
Rupture in the December 26 earthquake started around 95.5E, 3.5N (USGS hypocentre, de-
rived from the onset of short-period arrivals; Figure 1), beneath the forearc basin a little to the 
north of the island of Simeuleu. The rupture propagated only 50-100km southward before en-
countering what is presumably a major segment boundary in the subduction zone; the 
Mw=8.7 (Harvard) earthquake in March 2005 on the segment immediately to the south sug-
gests that the fault had accumulated enough strain for failure. In contrast, rupture to the north 
continued for 1200-1300km, consistent with the aftershock distribution (Figure 1); there is 
disagreement in published papers over many of the details (overall magnitude, detailed distri-
bution of slip, rupture speed). 
 
1.1 Magnitude estimates 
Initial estimates of moment magnitude (defined by the permanent deformation, required for 
such a large event) were based only on the first 180s of rupture, yielding Mw=9.0 (Harvard) 
whereas the rupture time was at least 500s (see later discussion). Later estimates have been 
based on: 
 

• Normal modes (Stein and Okal, 2005) where periods of up to 3000s for the 0S2 mode 
yield Mw=9.3 

• Hybrid approaches using body and surface waves as well as normal modes consistent 
with Mw=9.15 (Park et al, 2005 normal modes analysis based on slip solutions pre-
sented by Ammon et al., 2005) 

• Banerjee et al. (2005) use far-field GPS data to estimate Mw=9.2-9.4 from continu-
ously recording stations 

 
The analyses by Ammon et al. (2005) are based on three independent methods (see discussion 
of detailed slip distributions) but do not intrinsically consider normal mode excitation. The 
two apparently similar magnitudes give a difference in seismic moment by a factor of 1.7. Un-
fortunately none of the GPS stations used by Banerjee et al. (2005) are close to the deforma-
tion, although some are further to the south in Sumatra, and their arguments for using a dip of 
up to 35o for the fault are strongly flawed. 
 
1.2 Detailed distribution of slip 
Slip can be estimated in a number of ways, with increasing sophistication (but potentially also 
increasing dependence on assumptions: 
 

• From the seismic moment, since M0=Area*slip*rigidity; the area can be estimated 
from the aftershock distribution (Figure 1) as approximately 1300km by 150km, and a 
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rigidity of 4x1010Pa would then give slips of 16m for Mw=9.3 (Stein and Okal, 2005; 
M0=1.26*1023Nm) and10m for Mw=9.15 (Park et al, 2005; Ammon et al., 2005; 
M0=6.5*1022Nm). These are mean slips over the entire fault plane and are most 
strongly dependent on the fault plane dimensions – Stein and Okal (2005) suggest a 
dimension of 1200km by 200km, yielding a mean slip of 11m for Mw=9.3. However, 
any method that does not yield this mean slip is unlikely to account for the full seismic 
release of the earthquake. 

• From the moment-rate, mapping the release of seismic moment through time. It is im-
portant to note that moment rate is then sensitive to both slip rate and changes in the 
area of the slip occurring at any time. The simplest possible model of slip would be 
that slip propagates on a circular front on the plane, implying a linear increase in the 
actively slipping area with time; in practice for a large earthquake the area will be-
come limited by the smallest dimension of the fault plane, in this case 150-200km so 
that a constant slip rate earthquake would show an increase in moment rate to a con-
stant level, which would then be maintained to the end of the event. Ammon et al. 
(2005) developed a moment-rate model using 80-400s period Rayleigh waves, with a 
rate which increases from 0-150s then decreases to become poorly resolved after 480s 
(Figure 2); the peak moment rate obtained is 2.2x1020 Nm/s with a total moment of 
5.2x1022Nm, lower than the seismic moment values suggesting that some slip is not 
accounted for. Note that much of the rapid increase in initial moment rate that Ammon 
et al. (2005) relate to physical properties of the megathrust is much more simply ex-
plained by the geometrical increase in the slipping area. 

• From SH waveforms (Ammon et al., 2005 model I; Figure 3A) using periods up to 
120s and data from the first 180s of rupture; the overall moment is constrained to 
match the Harvard CMT which uses equivalent seismic energy. This yields a good 
level of detail (limited by the cell size of 40kmx40km) but only models the initial 
phase of such a long earthquake. 

• From teleseismic body waves (4-200s period) at 12 stations (Yagi, 2005), although the 
rupture process was too long to fully analyse with this method. The same method has 
been applied by other authors also using limited datasets with results that vary in qual-
ity and similarity of the results. 

• From regional seismograms at periods of 100-3000s and teleseismic surface waves at 
periods of 80-300s (Ammon et al., 2005 model II; Figure 3B). This yields a smooth 
model that matches the moment-rate time function developed from equivalent data, 
but has low resolution (~200km) such that effectively the determined slip is constant 
across the width of the fault plane at any location. 

• From teleseismic body waves (5-200s period), 3-component regional waves (50-500s) 
and long-period teleseismic waves (250-2000s) (Ammon et al., 2005 model III; Figure 
3C).  This gives a total moment of 6.5x1022Nm, with a resolution ~100km. 

• From GPS stations deployed in mainland SE Asia during the SEAMERGES project, 
Vigny et al. (2005) determine a slip distribution on the rupture zone that yields a total 
Mw=9.2, with highest slips of up to 30m in limited parts of the downdip slab. 

 
Unfortunately, in detail the slip distributions from the 3 methods of Ammon et al. (2005) dis-
agree with one another over the areas of highest slip as well as the slip values; the slip values 
from method II are particularly low even though the seismic moment is a match suggesting 
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the use of either an unusually large rigidity or a larger fault width than is shown in the pub-
lished figure. The results of Yagi (2005) are different again. The initial analysis of the earth-
quake was limited by the problem that after 210s, signals from different phases become mixed 
in seismic records, and it is not completely clear that the methods used to avoid these compli-
cations and infer the properties of slip more than 210s after the earthquake onset are robust. 
Chen Ji’s website has published a range of different outputs from method III which also dis-
agree in detail. Some of this disagreement is due to using different aspects of the recorded 
seismic data; some is due to differences in the methods and use of e.g. different Earth refer-
ence seismic velocity models. The estimates of Vigny et al. (2005) must be taken with some 
hesitation as all the stations are separated from the subduction zone by other plate boundaries 
(the Great Sumatra fault, and the Andaman Sea spreading centre). As important from the per-
spective of modelling tsunami are that all these slip estimates are decoupled from the knowl-
edge of geomorphic features such as the trench location and that the seismology purely pro-
duces slip on the main fault and does not indicate what happens at the seafloor. Given the 
strong variations in slip predicted by these models, local slip deficits of several metres may 
still exist within the 2004 rupture zone. 
 
1.3 Rupture speed 
One of the most controversial aspects of the 2004 earthquake is over the speed of the rupture. 
Different groups analysing both seismic and geodetic data fundamentally disagree over this 
question: 
 

• Seismic estimates of the rupture from tracking high frequency P-wave onsets indicat-
ing rupture speeds of 2.3-2.8km/s with a total rupture time of ~500s (Lomax, 2005; 
Ishii et al., 2005; Kruger and Ohrnberger, 2005 and 2005b). 

• Stein and Okal (2005) hypothesised that the difference between the CMT moment and 
their seismic moment was due to “slow slip” when in fact the duration of the earth-
quake is sufficient reason; the Harvard CMT only includes seismic energy from the 
first 40% of the event due to its long rupture time. 

• Bilham (2005) argues on the basis of the northward propagation of the aftershocks that 
at least some aspect of the earthquake propagated at only 0.3km/s, and also that slip in 
the Andaman Islands occurred over a time period of up to 1 hour. 

• Lay et al. (2005) suggest that tilting of the Andaman Islands constrain there to be at 
least 10m of slip there (significantly more than the seismic estimates); combining this 
with modelling of tsunami propagation that suggests little excitation of waves from the 
Andaman part of the system, they argue that therefore 10m of slip occurred over time 
scales much more than 1000s. 

• The far field GPS observations of Banerjee et al. (2005) constrain that the deformation 
must have occurred in less than a day; they argue that up to 35% must have occurred 
over a time interval of more than 1 hour based on a comparison between the normal 
mode magnitude (Stein and Okal, 2005) and the GPS deformation. 

• The GPS analysis of Vigny et al. (2005), carried out on an epoch-by-epoch basis 
(every 30s) indicates by contrast that the full static deformation occurred within 10 
minutes of the earthquake rupture onset. In detail they argue for an initial phase of 
rupture propagation at 3.7km/s followed by a slower phase of propagation at ~2km/s. 
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It is difficult to reconcile the arguments of these different authors. Clearly a seismic source of 
some type has propagated the full length of the rupture within about 10 minutes of the earth-
quake initiation, the issue is whether this source contains all, a part, or almost none of the fi-
nal slip. The GPS results should give the best constraints on the final positions of the plates, 
but the stations are not ideally located, and there are fundamental differences between the in-
ferences that the two groups have published. “Slow slip” has previously been taken to refer to 
specific phenomena where deformation has occurred over periods of hours to days with negli-
gible seismically-recordable signal. It is unfortunate that Stein and Okal (2005) introduced 
that term into the discussion of the 2004 earthquake when there are much more simple expla-
nations for the difference between their magnitude estimate and the Harvard CMT. Lay et al. 
(2005) and Banerjee et al. (2005) appear to cite one another as a primary factor in requiring 
slow slip to match their respective datasets. The critical factor therefore is whether large per-
manent slip really is required by observations in the Andaman Islands, to what extent this can 
really be excluded by the detailed slip estimates due to the complications of handling multiple 
types of arrival simultaneously, and whether the tsunami modelling really can exclude slip in 
this region, or whether there are scenarios in which slip occurs at normal speed, but without 
being tsunamigenic. 

 
2. OVERVIEW OF SUBDUCTION ZONE SEGMENTATION AND 
PAST EARTHQUAKE HISTORY 

 The Sunda Arc can be divided into several segments which control earthquake rupture and 
magnitude. The 2004 earthquake probably ruptured several segments. These segments may 
not always rupture together and slip distribution models from the 2004 earthquake (see above) 
imply that not all strain may have been released within all of these segments. Therefore it is 
possible that further earthquakes could occur within this rupture zone in the foreseeable fu-
ture. 

2.1 2004 earthquake segments (Fig. 1): 

1. N Sumatra. From southern termination of 2004 event at Simeuleu island to Great Ni-
cobar (termination of Sumatran fault, position of 7.2 aftershock, meeting of Ninety 
East Ridge with subduction zone). 3-7°N 

2. Nicobar. Great Nicobar to southern end of Andaman Islands where there is another 
change in orientation of the trench. 7-10°N. 

3. Andaman. From southern end of Andaman islands north to end of rupture or separate 
into two based on pre-2004 seismicity or lack of. Dependent on where northern end of 
2004 rupture is taken (some debate even based on aftershocks). 

 The Nicobar segment (2) is the most likely hazard for Thailand tsunami hazards. The N 
Sumatra (1) segment may have released majority of strain during 2004 earthquake and tsu-
nami waves from much of this segment will be directed away from Thailand. However, the 
northern part of this segment may produce a likely hazard.  
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 The Andaman (3) segment(s) may have lower hazard due to the obliquity of the conver-
gence vector at this location. However plate kinematics are not well constrained here. 

 
2.2 Previous Earthquakes within the 2004 rupture zone 

 Three earthquakes related to the subduction zone are reported within the historic record of 
the last 200 years in the 2004 earthquake rupture zone. These occurred in 1847 (M7.5-7.9), 
1881 (M7.8-8.0) and 1941 (M7.6-7.9) with magnitudes estimated from reports of shaking and 
tsunami run-up reports (Newcomb and McCann, 1987; Ortiz and Bilham, 2003; Bilham et al., 
2005). Tsunami waves were produced from the latter two events (1847 event is not well con-
strained and reported). Waves for the 1881 event were small locally (≤0.9 m) and in the far 
field (≤0.3 m, around Bay of Bengal) (Bilham et al., 2005; Ortiz and Bilham, 2003). Much 
loss of life along the Indian coast is reported for the 1941 event but no accounts exist of tsu-
nami data. It is not conclusive that these earthquakes occurred on the subduction plate bound-
ary and may be upper plate earthquakes. Their locations (Fig. 1) and magnitudes give some 
indication of potential M7-8 future events in this part of the subduction zone following the 
M9.1-9.3 2004 event. Maximum likely rupture lengths of these earthquakes would be ~100 
km with slip of up to a few metres. 

• 1847 event ~7°N, coincident with Great Nicobar possible segment boundary/asperity 
(northern termination of Segment 1 above). Poorly constrained location and magnitu-
de. 

• 1881 event ~9-10°N, coincident with northern termination of Segment 2 above. 

• 1947 event ~12-13°N, within Segment 3 above. 

 Correlation of the locations of these past events with slip distribution from the 2004 earth-
quake is inconsistent (i.e., with highs or lows of slip), but this is largely due to variability in 
slip models. 

 
2.3 Segmentation and Previous Earthquakes of other parts of Sunda Arc 

 Historic earthquake magnitude within the Sunda Arc to the south of the 2004 rupture zone 
(6°S – 2°N) is as high as M8-9. Major historic events include those of 1797, 1833 (M~9), 
1861 (M~8.5), 1935 and 2000 (Fig. 1; Newcomb and McCann, 1987; Sieh et al., 2004). The 
March 28 2005 (M8.7) earthquake re-ruptured the segment which ruptured in 1861, to the 
south of the 2004 rupture. Geological data suggests average recurrence intervals of ~150-500 
years for M8-9 events on these segments (e.g., 1833, 1861, 2005). However, deviations from 
this average are clear, including the closely spaced 1797 and 1833 events on the same seg-
ment. Magnitudes are loosely constrained by coral uplift records on forearc islands and from 
damage reports and suggest rupture lengths of 300-500 km. Smaller events have also occurred 
historically in this section of the subduction zone: 1935 (M7.7) between 1833 and 1861; 2000 
(M7.9) south of 1833. 
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 Tsunami waves are reported both in the Mentawai forearc islands and on the island of Su-
matra from the above historic earthquakes. Maximum tsunami wave heights for M8-9 events 
are of the order of a few metres. 

 
2.4 Fault Segmentation at Smaller Scales 

 Bathymetric data from the southern part of the 2004 rupture zone reveals fault segmenta-
tion at smaller scales than the major segments described above. Accretionary prism folds are 
commonly ~50-60 km in length at the toe of the accretionary prism (Fig. 4). These folds are 
clear in the region where the deformation front changes orientation close to the major segment 
boundary which caused southern termination of the 2004 earthquake (Fig. 1). However there 
is evidence for folds of similar lengths away from this region supporting the hypothesis that 
this is a common fold-fault segment length. These segment lengths may also influence earth-
quake rupture processes and potential earthquake magnitudes. However, at present it is not 
known how these surface fault segments relate to and interact with the plate boundary itself. 

3. SEAFLOOR RUPTURE SCENARIOS 

 
3.1 Evidence from HMS Scott bathymetric data for seafloor deformation 
during 2004 earthquake 

 The Royal Navy's HMS Scott surveyed the southern third of the 2004 rupture zone in 
January-February of 2005 using a high resolution 12 kHz, 361 beam multibeam sonar (Hen-
stock et al., submitted). This provides bathymetry of the seafloor along the subduction zone 
trench, the lower accretionary wedge and parts of the outer-arc high fault structure and forearc 
basin (Fig. 5). 

 The data reveal the general structure and morphology of the subduction zone forearc: a re-
gion that lacks modern published geophysical datasets and with only minimal 1960's seismic 
reflection data available. Therefore this is the first time details of the seafloor morphology 
have been revealed. 

 
3.1.1 General Summary: 

 A bathymetric profile across the forearc indicates a very steep toe of the accretionary prism 
from 4500-5000 m up to 1500 m over a 20 km distance in places. Landward of this steep 
slope at the trench, the remainder of the prism is a broad plateau at ~1500-2000 m water 
depth, with prism folds superimposed (Fig. 5). The forearc basin, landward of the prism, is 
not completely filled and therefore is a depression with water depths down to ~3000 m. In 
general, the majority of the accretionary prism is very heavily eroded with multiple modes of 
slope failure occurring (see below). The folds of the accretionary prism are unclear due to 
erosion except for the first 2 ridges. These are relatively undegraded and probably young sug-
gesting that the majority of convergence is focussed on these faults. These folds (youngest 
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~500-1000 m elevation) may grow in 10's thousands of years. The youngest folds are asym-
metrical in profile suggesting that the underlying fault dips seaward. This is unusual com-
pared to most other accretionary prisms where the faults dip landward. 

 Small neotectonic scarp-like features are observed in the bathymetry with vertical dis-
placements of ~5-100 m. These are mostly observed close to the toe of the prism, with few 
observed in the older part of the accretionary wedge. These features may be caused by fault 
rupture of the seafloor and possibly during earthquakes rather than interseismically. This will 
be discussed further below. 

 
3.1.2 Slope Failure: 

 Two main modes of slope failure are incoherent slumping and coherent landslide failure. 
The former (Fig. 6) produce complex slump scars often eroding back upslope or along the 
axis of one of the prism folds. We envisage gradual formation both due to earthquake shaking 
and also between earthquakes due to oversteepening of slopes. We would not expect one of 
these complex failures to form instantaneously. The morphology of the slump scars suggests 
unconsolidated sediments. During the 2004 earthquake, further collapse would have been 
likely but not at a scale likely to influence tsunami wave heights.  

 Rare coherent landslides with associated slide scarps, scars and blocks are found at the toe 
of the prism, originating from the 1st or 2nd fold ridges (Fig. 7). We suspect that failure oc-
curs along folded bedding planes producing sheet failure. Failure would be due to over-
steepening and possibly triggered by earthquake shaking. Only 4-6 examples of this style of 
failure are found within the ~450 km of accretionary prism surveyed by the HMS Scott (1/3 
of the 2004 rupture zone). The youngest of these landslides (based on steepness of the slide 
scarp, angularity and lack of burial of slide blocks, etc) is shown in Figure 7. The blocks are 
50-100 m high and have slid down the fold slope and onto the abyssal plain, sliding ~10 km 
from the base of slope. The slide scar shows that failure has occurred during at least 3 phases. 
There is no evidence that this landslide occurred in 2004. The rarity of these slides within the 
survey area and probable maximum age of the slides (based on estimates of fold age) suggests 
that they are not triggered by every great earthquake which occurs. Therefore earthquake-
triggered slope failure is possible, but potentially infrequent. The slide scar illustrated is a 
maximum of 15 km in width and volume of ~1 km3 and is the largest of the slide scars im-
aged. Initial models of tsunami generation from a slide of this scale suggest that minimal im-
pact on the 2004 tsunami wave heights would be expected. 

 The majority of the forearc basin off Sumatra within the 2004 rupture zone was also sur-
veyed. No evidence was found of major slope failure occurring on the margins of this basin 
which could have contributed to the 2004 tsunami. In addition, no evidence of ancient failures 
was observed suggesting that these slopes are largely stable and rarely fail catastrophically. 

Conclusion: No evidence was found within the southern 1/3 of the 2004 rupture zone for sig-
nifcant slope failure events which would have contributed significantly to tsunami wave ini-
tiation. Major slope failures within the northern 2/3 of the rupture zone are unknown due to 
lack of available data but no anomalous wave heights have been reported from the Nicobar or 
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Andaman Islands. Slope failure on the margins of the Andaman Sea are also unknown, how-
ever no anomalous wave heights are reported on the coasts of Thailand (Carl check). Future 
slope failure during earthquake shaking and impact on tsunami generation cannot be currently 
judged. 

 
3.1.3 Outer-arc Fault System: 

 The NNW-trending outer-arc high fault system is also imaged marking the boundary be-
tween the accretionary prism and the forearc basin. This fault system has been interpreted as 
normal, reverse and strike-slip in the past. To the southeast it is known as the Mentawai fault 
where it is associated with the uplifted Mentawai island chain, including the islands of Si-
berut, Nias and Simeuleu (Izart et al., 1994; Zachariasen et al., 1999). In  the study area, the 
fault is known as the West Andaman Fault (Izart et al., 1994). It is not associated with uplifted 
island chains and is a different fault system. The nature of the connection between the 
Mentawai and W. Andaman faults is unknown. The continuation of this fault system is not 
well known to the north but its expression to the north can be seen in the gravity data (Fig. 8). 
It meets the Sumatran fault at Great Nicobar Island (termination of one segment of subduction 
zone, see above). 

 Bathymetric data indicate a double fault trace with clear evidence of right-lateral deforma-
tion (Fig. 9), pull-apart basins and extensional shear zones). These fault splays appear to have 
almost pure lateral displacement with little evidence of vertical displacement. Logic suggests 
that the entire fault system is transpressional (strike-slip and compressional). Therefore strain 
may be partitioned here into a strike-slip and thrust component. Focal mechanisms and after-
shock locations can be used to test whether these structures were active in 2004. Evidence 
from these datasets along with vertical motions at forearc islands suggest that local slip may 
have occurred but not over significant fault lengths. 

Conclusion: Due to the apparently dominant lateral displacement on this fault system and 
therefore minimal vertical displacement during fault rupture, this fault system has been elimi-
nated from seafloor rupture scenarios for tsunami modeling. However, modeling a generic 
thrust fault splay within the forearc would be similar to rupture of the outer-arc fault system 
with a vertical component. 

 
3.1.4 Neotectonic Scarps and Seafloor Fault rupture: 

 Detailed study of the bathymetric data reveals a number of small linear features at the base 
of prism folds which resemble neotectonic scarps often seen onshore. Profiles across these 
features indicate they are either scarps or small ridges. Rare examples of depressions 
(troughs) are also observed. These features are as small as 5-100 m in height and are often 
laterally continuous for 10's km. The majority of these features are located on the seaward 
side of the youngest fold ridge, at the base of slope at the deformation front. A few possible 
examples are also seen within inter-ridge basins in the older part of the accretionary prism, 
but these features may alternatively be bedding plane exposures of partially lithified/cemented 
sediments or related to slope failure. 
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 Two examples of these neotectonic features are shown in Figure 10. Fig. 10A shows a 5-20 
m trough or depression at the base of a short frontal (youngest) thrust ridge. The asymmetry 
of the fold profile indicates that the underlying thrust fault producing the fold dips seaward 
and would reach the seafloor on the landward side of the ridge. We rule out other origins for 
the depression such as a channel, bottom current scouring or slope failure on the ridge due to 
its along-axis bathymetric profile and morphology of the ridge. Fig. 10B shows a scarp 20-60 
m high at the base of another frontal thrust ridge.  

 In both examples shown we would expect fault rupture at the seafloor to produce dis-
placement on the landward side of the ridges. Therefore a model of how displacement on the 
seaward side of these ridges could occur is shown in Figure 11. We hypothesise that rupture 
may propagate from the plate boundary to a "backthrust" (secondary to the main thrust fault) 
to reach the seafloor as this is mechanically simpler. Alternatively, plate boundary rupture 
may cause flexure and bending of the frontal thrust ridge which in turn would cause deforma-
tion (by bending moment) on the landward side of the ridge (Henstock et al., submitted).  

Conclusion: 

• Neotectonic scarp features are found 

• Most scarps occur at the toe of the prism, rarely in older parts of the prism 

• Scarps form on seaward side of ridges 

• Scarps may form during earthquake rupture of the plate boundary 

• A model is proposed of plate boundary slip breaking through along a secondary fault 
or by flexural deformation to produce the deformation observed 

• Scarps observed are probably formed by multiple earthquakes (if coseismic). The 
smallest features (5 m height) could be formed by 1 earthquake of the magnitude of 
2004. 

• No conclusive evidence for any of these features partially or wholly forming in 2004, 
but logic suggests that they form during the largest of earthquakes therefore 2004 
event is a likely candidate. 

• We suspect that rupture to the seafloor as proposed may only occur during very large 
earthquakes (unknown cutoff magnitude, but suggestions that M8-9 Himalayan earth-
quakes may not rupture to the surface, particularly for those nucleating at great depths 
(Yeats, 2003)). 

• Seafloor rupture at the prism toe of all or part of the plate boundary slip could viably 
be included in a tsunami initiation scenario extending the rupture seaward. 
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3.2 Global Examples of Splay Fault Rupture 

 As yet, there is no conclusive evidence to support a major splay fault rupturing significant 
parts of the rupture length during the 2004 earthquake. However, this does not preclude this 
scenario from future events. 

 Several examples of subduction zone earthquakes with documented evidence of rupture of 
a splay fault within the forearc (accretionary prism) have been reported. Anomalous tsunami 
wave heights and seismological data support evidence for amplified seafloor (or land) dis-
placement in most cases. The 1946 Nankaido earthquake on the Nanakai subduction zone, 
Japan (e.g., Cummins and Kaneda, 2000) and the 1964 Alaskan earthquake are well known 
examples.  

 
3.2.1 Nankaido, 1946 

Inversion of tsunami and geodetic data from the 1946 Nankaido earthquake reveal detailed 
patterns of coseismic slip. Initial interpretations (Sagiya and Thatcher, 1999; Tanioka and Sa-
take, 1999) suggested that slip ruptured to the trench. However, Cummins and Kaneda (2000) 
suggest that slip in the western part of the rupture zone offshore Shikoku island is consistent 
with rupture of a splay fault midway between the trench and land (Fig. 12). This hypothesis is 
also supported by onshore levelling data on Shikoku Island (Miyashita, 1987).  

Nankaido 1946 splay fault key facts (Cummins and Kaneda, 2000): 

• approximate earthquake magnitude 8.0 

• rupture length ~300 km 

• fault splay length 100 km (1/3 of rupture zone) 

• splay rupture starts at 27 km depth and reaches 3 km below seafloor 

• splay closest to surface ~100 km landward of trench 

• total slip on plate boundary unclear, up to 3 m on splay 

• fault dip up to 30° (near surface) 

• authors indicate that all to some slip may be accommodated by this or several splay 
faults, take extreme here of all slip onto splay fault 
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3.2.2 Alaska, 1964 

The M9.2 Alaska earthquake ruptured an 800 km long section of the subduction zone (includ-
ing 2 separate rupture zones) with width up to 300 km. In the eastern part of the rupture 
(Prince William Sound), extreme vertical uplifts of up to 11 m were recorded on Montague 
Island (Plafker, 1972). These results were used to suggest that a splay fault (or an forearc 
crustal fault which is not connected to the plate boundary fault) slipped at the same time as the 
plate boundary slip (Fig. 13). The fault responsible is known as the Patton Bay fault which 
reaches the surface at Montague Island and is probably responsible for the island’s longterm 
uplift and existence. 

Alaska 1964 fault key facts (Johnson et al., 1996): 

• magnitude 9.2 

• rupture length ~800 km total 

• upper plate fault length ~70 km 

• shallow faulting only (may not be linked to plate boundary) 

• fault located ~150 km from trench 

• fault dip of 60° at surface (steep) 

• authors model fault as additional to plate boundary slip so not an example where all 
slip translated to splay fault, i.e., continues to trench 

 
3.3 Potential and Recommended Slip Models from above data 

1. Simple flexural rebound: 

• Seafloor deformation purely a result of flexural rebound  

• Within this, different slip distribution models can be used or simplified to produce an 
estimation of actual slip on the fault plane. 

• The seaward termination of fault rupture (updip limit) may not reach the trench affect-
ing the width and position of the seafloor deformation zone (shallower bathymetry for 
tsunami initiation). This assumes that rupture does not continue to the trench. 

2. Simple with seafloor rupture to toe of prism (trench): 

• Some evidence from bathymetric data (see above) suggests the seafloor may rupture at 
the toe of the prism during large earthquakes.  
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• Results in rupture propagating to the trench affecting rupture width, position and 
bathymetry of tsunami initiation zone. 

• Results in rupture along a higher angle fault (~30-40°) and steeper local change in sea-
floor bathymetry at the prism toe. These changes are very localised and short wave-
length therefore may not impact far field tsunami waves. 

3. Seafloor rupture along a splay fault within part of the accretionary prism: 

• The extreme scenario would result in all slip on the plate boundary being transferred 
to a higher angle prism fault which ruptures the seafloor or is "blind" rupturing to 
within a few km of the seafloor 

• Alternatively, only part of the slip may be transferred or be transferred to multiple 
faults 

• Results in a smaller rupture width 

• Results in an actual seafloor rupture on a steeper fault (30-45°) or on a blind fault a 
few km's below the seafloor 

• Flexural profile of seafloor deformation would be different 

• Seafloor deformation takes place in different bathymetric conditions (shallower) af-
fecting tsunami initiation 

• Past examples of splay faulting indicate that only part of the total rupture length would 
rupture in this manner 

Of above rupture scenarios, 2 and 3 are end members in terms of width of seafloor deforma-
tion zone and in terms of extremes of bathymetric conditions for tsunami initiation. Therefore 
these should be used for potential source scenarios. 
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Figure 1: Overview map, showing USGS first arrival locations for main shock and after-
shocks for the 26 December, 2004 and 28 March, 2005 earthquakes. Positions of major his-
toric earthquakes within the subduction zone are also shown, most of which occurred on the 
plate boundary. 
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Figure 2: Moment-rate density image showing variation in seismic moment with time and po-
sition (from Ammon et al., 2005). 
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Figure 3: Three different slip distribution models from inversion of seismological data for slip 
on the plate boundary fault during the 26 December 2004 earthquake (from Ammon et al., 
2005). Epicentre indicated by red star. Note different colour scale bars for slip. 

 

Figure 4. 50-60 km long fold segments at the toe of the accretionary prism imaged in HMS 
Scott multibeam bathymetric data. Located southwest of Sumatra in the southern part of the 
2004 earthquake rupture zone.



 

Tsunami Risk Reduction Measures Report No.: 20051267-1
 Date: 2006-01-14
Tsunami Risk Reduction Measures with Focus on Land use and Rev.: 
Rehabilitation  Rev. date: 
Appendix A Page: A71

 

f:\p\2005\12\20051267\8_reports\mainreport-final\doublesidededition\060130-mainreport-final_appa.doc HB 

 

Figure 5. Multibeam bathymetry data collected onboard HMS Scott during January-February 
2005. Data were collected in the southern third of the 2004 earthquake rupture zone from 
Simeulue Island to the Indonesian-Indian border. Data collection focused on the lower accre-
tionary prism and plate boundary and parts of the forearc basin and outer-arc high fault sys-
tem. 
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Figure 6: Examples of different types of slope failure at the steep sloped toe of the accretion-
ary prism, offshore Sumatra. (2) indicates complex slump scars referred to in the text. (3) co-
herent landslides are also shown in Figure 7. 
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Figure 7: Bathymetry perspective view of the youngest coherent landslide scar observed 
within the southern 400-500 km of the 2004 rupture zone at the toe of the accretionary prism. 
The slide scar with steep headwall scarp and 50-100 m high blocks which have slid 10-15 km 
onto the abyssal plain are indicated. 
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Figure 8: Satellite derived gravity data showing NNW-trending outer arc fault system and 
NW-trending dextral Sumatran fault system north of Sumatra. The two fault systems merge 
close to Great Nicobar island where a cluster of aftershocks followed the 2004 rupture and 
the Ninety East Ridge may interact with the subduction zone. 
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Figure 9: Perspective view of bathymetry of outer-arc strike-slip (dextral) fault system (West 
Andaman Fault), west of Sumatra. Small right-stepping pull apart basins and extensional 
shears confirm dextral motion on this fault system. 
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A        B 

Figure 10: Examples of small neotectonic scarps and depressions at the toe of prism located 
on the seaward side of the youngest fold-thrust ridge. A shows a small depression (5-20 m 
deep). (B) shows small scarps associated with the frontal thrust. These features are common 
along the toe of prism but rare elsewhere. These features may form coseismically during 
large plate boundary earthquakes giving evidence for rupture to the trench (see Fig. 11 for 
model of formation). 

 

 

 

 

 

 

 

 

Figure 11: Model showing plate boundary rupture can propagate to the seafloor at the prism 
toe based on interpretations of fault geometry beneath the seafloor and scarps observed on 
seaward limb of youngest folds in bathymetric data. 
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Figure 12: Model for fault splay rupture during 1946 Nankaido earthquake (from Cummins 
and Kaneda, 2000). Top figure shows model for fault splay rupture. Bottom figures show ver-
tical deformation inverted from (a) geodetic data (Sagiya and Thatcher, 1999), (b) tsunami 
data (Tanioka and Satake, 1999) and (c) incorporating a splay fault in the western part of the 
rupture (Cummins and Kaneda, 2000). 
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Figure 13: Evidence for fault splay rupture during the1964 Alaska earthquake at Montague 
Island along the Patton Bay Fault (from Plafker, 1972). 
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A6 ANNEX A3: TSUNAMI RISK REDUCTION MEASURES WITH FOCUS TO 

LAND USE AND REHABILITATION. CASE OF THAILAND COASTS. (BY F. 
SCHINDELÉ: NOVEMBER 9 2005) 

Introduction 
« Project : establish guidelines for land use and rehabilitation of the devastated areas, con-
sidering the risk of future earthquake and tsunami events. 
 
It will involve identifying the earthquake and tsunami risk levels and alternative risk reduc-
tions measures. 
 
The results of the study will also form a platform giving conceptual results that can be used in 
other parts of the tsunami struck regions around the Indian Ocean. » 
 
 
1 Identification of earthquake-initiated tsunami hazard. 
 
« Define all possible scenarios in the region and the associated hazard level, and establish a 
link between possible future seismic events and magnitude if dislocations/displacements that 
generate tsunami ». 
 
Scenarios 
The Andaman-Nicobar and West Sumatra subduction zone was studied : the demonstrating 
that this is the most dangerous origin place for the coast of Thailand. 
 
The seismicity of the other regions around Thailand must be also described to demonstrate 
that no large tsunamigenic earthquakes can occur closest to its coasts (Magnitude > 6.5). 
 
It must be noticed that large earthquakes can rupture the Sumatra Alpine fault with a maxi-
mum magnitude that can reach 8.0. The rupture is a strike slip. If the zone close to the coast-
line would moved, the earthquake could generate a tsunami that can be locally destructive, 
but not at larger distance as few hundred kilometers libe (from) the Thailand coastlines. 
 
Return period estimation 
The return period and size of the hazardous tsunami event is the key issue. 
 
The seismological method and the tectonic method are the 2 classical methods. 
 
About the tectonic method, the relative velocity vector between the 2 plates, and the angle 
between the vector and the boundary plate are the 2 mains parameters. 
 
In consequence :  
 
- the Andaman Nicobar zone must be separated in 2 sections (North 14 mm/y and 

South  60mm/y – not perpendicular ). 
- The Sumatra-Sunda subduction zone must also be separated in 2 sections : the 

northern part from Sunda bay to the 26 December event where the relative motion is 
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around 50-60 cm/y, and the east part from Sunda bay to south of Bali, where the 
relative motion is around 20-30 cm/y 

- The return period for magnitude 9.0, 8.5 and 8.0 must be computed for each section 
 
Other methods that provide an estimation of the return period of the large earthquakes must 
be analyzed : the Sieh K coral uplift-down-warp study is one of those that provides interest-
ing results on the south-western part Simelue and other islands (return period of 250 years). 
 
Such method must be applied in the Andaman-Nicobar region. 
  
 
2 Tsunami modelling and hazard mapping 
 
Minimum magnitud hazard event : Comparison of 8.5 - 7.5 and 7.0 
Numerical maerograms are the local estimation of the variation and maximum amplitude of a 
tsunami in the water. 
 
The comparison of several maerograms along the coastline will show the most (or less) haz-
ardous zones. 
  
The maximum of amplitude of the tsunami close to the coast – generated by a magnitude 8.5 
– provides a first estimation of the hazard.  But the exact estimation is given by the run-up 
inland and inundation line altitude. 
 
Where the amplitude in shallow water exceeds 1.0 m, the tsunami is always considered as 
hazardous. Where it is between 0.3 and 1 m , it can be considered as moderate, but in some 
area as bays and harbors, it can also become hazardous. 
 
Computing for magnitude 8.5 (2.0m), 7.5 (0.5m) and 7.0. The ratio of the amplitude is 4, 
comparing to the ratio of the dislocation that is only 2. The difference is the width of the rup-
ture zone (30 km), more than 3 times smaller than the 8.5 (100 km) 
 
Conclusion : necessity to compute one 8.0 magnitude event to demonstrate if the amplitude 
will reach 1m or more (100 km width, 200 km length and 2.9 m dislocation). 
 
The maximum height map shows in details the hazard. The comparison of maximum tsunami 
height map generated by earthquakes located in different part of the subduction zone will 
provide the most hazardous zone for one specific coast line. 
 
Run-up 
The ratio between the maximum height in the water and the maximum runup – in one spe-
cific part of a coastline - will depend on the very shallow water behavior and the topographic 
behavior. 
 
In most area the ratio is varying from 1.5 to 3.  
 
But It must be noted that in some specific regions where there are bays, slow bathymetric 
slopes, harbors, the ratio can vary from 5 to 30 (10 cm in the water and 3 m in a bay). 
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The parameter investigate is the minimum of tsunami height in shallow water that can 
produce a significant inundation (than looking to the vulnerability of the area). On a 
specific coastline as Thailand, several tsunami height in water and run-up ratios must 
be investigate : minimum, maximum, average. 
 
The Malaysia post tsunami survey report (Yalciner et al.) shows that several area were 
affected until 60 to 150 m inland with a 1.5 m tsunami estimated close to the shore 
line.  
 
26 December tsunami : the ratio between the measured run-up and the computed maximum 
height must be computed, along the coast of Thailand and specificaly in the 3 areas men-
tioned in Chapter 4. 
 
Inundation maps 
But the product needed is the inundation map and the amplitude of the tsunami in the inun-
dation zones. Very precise bathymetric and topographic data are needed to compute inunda-
tion maps. In case of lack of data the MNT and different profiles can be used to estimate the 
worst and best scenario. 
  
 
3 Risk mitigation measures 
 
Vertical land reclamation is most of time the more effective solution. 
 
Implementation of dike are less effective for major event, but more for moderate events. 
 
Construction of sea-wall can be very dangerous for the people that are on the beach at the 
time of the tsunami arrival. It must be noticed that most of the casualties in Malaysia (60) 
were in zones protected by sea-wall without easy access to escape from the beach. 
 
Evacuation routes must frequently be implemented along dikes and sea-wall. 
 
 
4 Establishing overall reconstruction and rehabilitation plans with acceptable 
risk levels. 
 
Specific recommendations shall be provided for Patong City, Ban Niang beach resort area 
and Ban Nam Kem fishing village. 
The acceptable risk has been preliminary defined as : 
 
- the risk in terms of potential casualties should be less than 10-3 per year 
 
Several independent actions are needed to reduce : 
 

o vertical reclamation 
o warning system (national warning center and emergency center) 
o sea-level station implemented a few kilometers from the coast line 
o training of people working and living in those area  
o publishing tsunami hazardous zone maps and evacuation routes 
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- no buildings should experience structural damage which is so severe that the building 

collapses 
o product : inundation map, with the amplitude of the tsunami in the inundation 

zone – depending on the amplitude and location, the building characteristics can 
be specified ; inundation map of the 26 December tsunami (field data), and inun-
dation maps of the scenario (8.5, 8.0…) 

o variation of ratio between observed run-up and computed tsunami height in water 
close to the coastline for the 26 December Tsunami in the 3 areas (average, 
minimum, maximum). 

 
 
Overall plans for rehabilitations shall be based on the proposed hazard zone mapping, and 
the potential benefit of the risk reducing measures. 
 
Recommendation :  
1 The decision to compute or not inundation maps in Patong, Ban Niang and Ban Nam Kem, 
must be discussed considering the results of the study of the comparison between the 26 
December tsunami run-up and the modeling computation results of the tsunami height in wa-
ter. 
2 The magnitude 8.0 event must be considered for the 3 areas to determine the run-up. 
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Comparison of tide gage data and run-up (26 September 2003 Earthquake) 
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B1 INTRODUCTION 

Tsunamis are waves set in motion by an impulsive change of the sea level, having features 
intermediate between tidal waves and swell waves in the spectrum of gravity water waves. 
Submarine earthquakes, in addition to submarine gravity mass flows, are the principal cause 
of large tsunamis.  
 
Earthquake generated tsunamis is a phenomenon that may be divided into three parts: energy 
transfer from seabed displacement to water, wave propagation in open sea, and wave run-up 
along the shores. An earthquake generated tsunami is created by the vertical seabed 
displacement due to the earthquake motion. The waves can most often be classified as long 
waves. In other words, the typical wavelength is much larger than the characteristic water 
depth. In open seas, the characteristic amplitude of the waves is normally much less than the 
characteristic water depth. Hence, the waves can almost invariably be considered linear 
except during the run-up part (nevertheless estimates of run-up heights on gentle beach slopes 
can also be found on basis of linear wave theory). If the linear hydrostatic assumptions given 
above are valid, the speed of wave propagation, c, is given by: 
 

c = (gH)0.5  where g = gravitational acceleration and H= water depth 
 
Figure B1.1 shows the water depth in the Indian Ocean and the Andaman Sea, which is 
located between the Nicobar-Andaman islands and the west coast of Thailand and Myanmar. 
For the largest water depth of 5000 m, the tsunami wave propagation speed will be 805 km/h, 
which is close to the speed of sound in air. At a water depth of 1000 m the propagation speed 
is 360 km/h, and at 100 m depth 113 km/h. For the small depths close to the shoreline, the 
propagation speed is decreased even further; however the simple formula given above is often 
not valid in the shallowest region due to effects of high surface elevation-to-depth ratio. 
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Figure B1.1 Computational domain and water depths in m (colour bar). 

 
Beyond the wave generation area, changes in waveform depend upon bathymetry and energy 
losses, and include wave height change owing to radial damping, refraction, diffraction, 
reflection, interference, focusing, shoaling, and run-up.  
 
Figure B1.2 illustrates some definitions in relation to a tsunami in open sea. The term ‘surface 
elevation’ (η) is used to indicate the water level above equilibrium (mean sea), while ‘wave 
height’ (h) refers to the height difference between the crest and the trough. λ is the 
wavelength of the tsunami. For tsunami impact on land, Figure B1.3, the term inundation 
level refers to the water level above equilibrium reached by the tsunami at any point on land, 
while ‘run-up height’ refers to the maximum vertical level reached by the wave on land. 
Inundation length refers to the maximum horizontal distance reached by the tsunami inland 
from the equilibrium shore line. 
 
The factor of amplification, i.e. the ratio of the run-up height to the surface elevation of the 
incident wave outside the run-up zone, is mainly determined by the wavelength and the slope 
of the run-up zone (more precisely it is expressed as the ratio of the length of the incident 
wave to the length of the horizontal projection of the run-up zone beneath equilibrium level). 
Local conditions causing refraction, interference and focusing effects increase the run-up, 
while friction and obstacles play the opposite role. 
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Figure B1.2 Simplified sketch of a tsunami in the open sea.  

 
Figure B1.3 Simplified sketch of tsunami impact on land. 

 
Most of the tsunamis studied in the present report are relatively long compared to the run-up 
zone, and will more or less experience the shoreline as a vertical reflecting wall, causing a 
doubling of the surface elevation. Hence, the amplification is limited and fairly well described 
by no-flux boundary conditions along the shoreline. This is supported by the observations 
indicating that the inundation heights did not increase inland from the shore line, see Figure 
B1.4 (inundation data provided by DMR). This inland reduction of inundation level is 
probably a result of the long-periodic waves and the gentle slopes causing extreme inundation 
lengths influenced by obstacles, large scale roughness, and friction. A model properly 
describing run-up of a muddy flow with debris in such surroundings is not available. 
Furthermore, the assumption of a vertical reflecting wall is especially convenient when 
assessing countermeasures such as mitigating seawalls.  
 
As described in Section B4, numerical simulations are performed for a set of seven scenarios 
of tsunamis generated by the recent and potential new earthquakes along the Sunda Arc. The 
simulations are accomplished by a combination of depth averaged three dimensional models 
(3D) for analysis of tsunami generation and propagation in deep water, and two dimensional 
models (2D) for assessment of non-linear and dispersive near shore effects.  
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Figure B1.4:  Inundation levels in Bang Niang (upper panel) and Nam Khem (lower panel). 
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B2 EARTHQUAKE DISLOCATION SCENARIOS 

The M 9.3 26 December 2004 Sumatra earthquake and six potential future earthquakes of 
which two have a magnitude of M 8.5, three have a magnitude of M 7.5, and one has a 
magnitude of M 7.0, are applied as tsunamigenic sources.  
 
For the back-calculation of the M 9.3 event, the source is established through an iterative 
process to ensure that it complies with the available seismic information and at the same time 
produces tsunami heights and arrival times in agreement with observations, with special focus 
on the spatial distribution along the coast of Thailand. Much experience to this end was 
gained during the work by Glimsdal et al. (in press). Moreover, the source should be 
described in a way convenient for downscaling to the other potential future scenarios of 
weaker magnitudes. The potential future scenarios are then established based on the 
seismiological considerations as described in Appendix A, and at the same time located 
conservatively (unfavourably) with regard to the tsunami heights along the coasts of Thailand. 
 
All the sources are composed of individual segments as described in Appendix A (Table 
A3.3). A program based on an analytical model (Okada 1992) is then used to convert the 
composite earthquake slip motions to seabed displacements, and the response of a number of 
segments that are treated as independent faults is computed. The average slip motion values 
referred in Appendix A (Table A3.3) are transferred unchanged to the seabed and thereby not 
reduced in amplitude between the fault plane and the seabed before being used in the Okada 
model. This is clearly a conservative assumption that comes in addition to other conservative 
assumptions adopted in Appendix A. For each segment the position, dip-angle, dip-slip, 
strike-slip, width, and sea depth over the fault are specified. The position is given by start and 
end of the fault segment (implicitly giving the length of the segment), while the remaining 
quantities are given as pairs of numbers. A linear variation is then assumed along the fault 
segment. The northward delay of rupture along the fault is not included. This might slightly 
influence upon arrival times and the spatial distribution of run-up heights, see also Glimsdal 
et al. (in press) for a discussion. 
 
The sea surface displacement is copied from the bottom deformation, except at discontinuities 
at the fault line where a two-dimensional solution of the Laplace equation established by 
application of matched asymptotics is employed in cross-sections as a kind of “stripe” theory 
to give a smooth surface with finite gradients (Pedersen 2001). 
 
The initial sea surface elevations of the seven scenarios are shown in  
Figure B2.1 through Figure B2.3. For the 26 December 2004 Sumatra earthquake scenario, 
the slip motion starts north of the Simeulue Island, extending all the way to the north of the 
Andaman Island. The vertical displacements of the seabed are up to about 5 m upwards on the 
west side and 3.5 m downwards on the east side of the fault. For the potential future M 8.5 
scenarios the vertical displacements are about 1.8 m up and 1.3 m down. 
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Figure B2.1  Map of the northern part of Sumatra and the Nicobar and Andaman Islands 
(left panel); the initial sea surface elevation used to reproduce the 26 
December 2004 tsunami generated by the M 9.3 earthquake (right panel). The 
boundary between the Indian plate and the Burma plate (Sunda Arc) is 
indicated with black bullets, while the epicentre is shown with a red bullet.  
The colour scales are depth in km (left) and elevation m. 
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Figure B2.2 The initial sea surface elevation used for the potential M 8.5 earthquakes. The 
south scenario is given in the left panel, the north scenario is given in the right 
panel. The colour scales are elevation m. 
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Figure B2.3 The initial sea surface elevation used for the potential M 7.5 earthquakes and the 

potential M 7.0 earthquake. The M 7.5 south scenario is given in the upper left panel; 
the M 7.5 mid scenario is given in the upper right panel; the M 7.5 north scenario is 
given in the lower left panel; the M 7.0 scenario is given in the lower right panel.  The 
colour scales are elevation in m. 
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B3 NUMERICAL MODELS AND COMPUTATIONAL DOMAIN 

The computational grid is shown in Figure B1.1, and a subsection is given in  Figure B3.1; the 
grid is based on GEBCO data, with 1 min resolution (1.84 km x 1.85 km). Transformation 
into a Cartesian grid coordinate system and confirmation of numerical convergence are 
described by Glimsdal et al. (in press). 

For the 3D simulations, a depth averaged linear (LSW) numerical model is used, which is 
based on the assumption that the characteristic amplitude of the waves is much less than the 
characteristic water depth except during run-up, and that the characteristic wavelength is 
much larger than the characteristic water depth. Hence, the surface elevation (deviation from 
equilibrium water level) and the depth-averaged horizontal wave current velocity are 
determined by the linear, non-dispersive shallow water equations for conservation of mass 
and momentum (see textbook by Mei, 1989). The shore line is represented by a vertical and 
impermeable wall (no-flux boundary conditions), providing a doubling of the surface 
elevation due to reflection. For details on the numerical tsunami model, see Harbitz and 
Pedersen (1992). 

Effects of dispersion for waves generated by the 26 December 2004 event are discussed by 
Glimsdal et al. (in press). It is noted that for smaller earthquake scenarios, the waves will 
probably be somewhat affected by wave dispersion.  

 

 
Figure B3.1  Subsection of the computational domain: The Andaman Sea with  the Nicobar 

Islands, northern Sumatra and Thailand. The white lines indicate the locations 
of the cross sections used for 2D simulations. The colour scale is depth in km. 
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For the two-dimensional simulations, the weakly dispersive, weakly non-linear Boussinesq 
equations (Peregrine 1972) are used. Undular bores, features involving both dispersion and 
non-linear effects, and which appear as a fision of the wave front into a series of solitary 
waves as the wave front approaches the shoreline, are to some extent accounted for in the 
modelling. Breaking and development of hydraulic jumps are however not included in this 
model. The equations of motion are solved numerically on a staggered grid, with grid 
resolution depending on the water depth, which allowed a fine resolution close to the 
shoreline. Grid refinement tests were performed to ensure convergence for each run. Again, 
the shore line is represented by a vertical and impermeable wall. 
 
Using linear hydrostatic theory and assuming a uni-directional wave propagation landward 
along the crossection, a simple relation between the surface elevation η and wave current 
speed u are given by u=±η (g/h)1/2. Utilising this relation, the surface elevations from the 3D 
simulations as initial conditions for surface elevation and wave current speeds in the two-
dimensional simulations was used. The cross sections were placed more or less perpendicular 
to the direction of wave propagation, ensuring that the approximation of plane wave 
propagation towards the shore was reasonable. However, it is noted that the 2D simulations 
often tend to overestimate the wave heights, as the radial spreading of the waves is neglected 
in these simulations. On the other hand, 3D effects including reflections from surrounding 
islands, refraction, focussing and interference are neglected.  
 
The influence of ocean currents upon the tsunamis is not assessed in this report, partly 
because data on ocean currents along the Thailand coast were sparse. In general, waves 
propagating on counter currents become steeper. Hence, counter currents might enforce wave 
breaking. The opposite effect is experienced for waves propagating in the same direction as 
the ocean currents. Nor the effects of the curvature and the rotation of the earth are included, 
as these effects are insignificant within our spatial and temporal computational domain. 
 
 
B4 RESULTS 

Table B4.1 presents the arrival time for the wave at Patong and Bang Niang for each scenario 
considered. The arrival time could in principle be defined in various ways, but is here defined 
as the time where the surface elevation changes from a negative to a positive value, i.e. the 
time when the wave starts to inundate land. 
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Table B4.1 Calculated arrival times 
 
Scenario Arrival time Patong Arrival time Bang Niang 
M 9.3 Back calculation 1 h 56 min* 2 h 5 min 
M 8.5 south 1 h 58 min 2 h 11 min 
M 8.5 north 2 h 16 min 2 h 20 min 
M 7.5 south 2 h 5 min 2 h 20 min 
M 7.5 mid 2 h 25 min 2 h 32 min 
M 7.5 north 1 h 51 min 1 h 58 min 
M 7.0 2 h 08 min 2 h 22 min 
* Observed corresponding arrival time at nearby yacht Mercator (Nai Harn bay, southern 
Phuket) is 1 h 54 min, see Figure B4.3 . 
 

B4.1 Back-calculation of the M 9.3 26 December 2004 event 

A snapshot of the surface elevation after 80 minutes for the M 9.3 26 December event is given 
in Figure B4.1, and the maximum surface elevation during the whole computational time of 6 
hours is given in Figure B4.2. The latter shows maximum surface elevations of 5-10 m along 
the coast of Thailand from the Phuket Island and northwards.  

 
Figure B4.1  Snapshot of the simulation of the 26 December 2004 tsunami 1 hour and 20 

min after the earthquake. The colour scale is elevation in m. 
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Figure B4.2 Maximum surface elevations for the back calculation of the  

M 9.3 26 December 2004 event during the whole computational time for the 
Thailand coast. The colour scale is elevation in m. 

 
A comparison of the results from the 3D simulations with corresponding sea-level records 
from the yacht Mercator (outside Phuket Island), from Gan (Maldives), and from the Jason-1 
satellite (Colorado Center for Astrodynamics Research) shows generally good agreement 
(Figure B4.3 through Figure B4.5). Short-period wave components are missing in the 
simulated time series at Mercator. This might be partly due to filtering in a too coarse 
numerical grid, but is more likely caused by a too simple source omitting the small scale 
displacements. 
 
Time series of the simulated wave at locations outside Patong and Bang Niang from the 3D 
simulations (Figure B4.6) show generally good agreement with observed run-up of 4-6 m at 
Patong and 8-9 m at Bang Niang (University of Poznan 2005). University of Poznan (2005) 
also reports that the spatial variations in run-up heights are generally less than 50% for each 
site investigated. This is also supported by field surveys by two Japanese Field Survey Teams 
(2005a;b). 
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Figure B4.3 Comparison of the results from the 3D back calculation of the 26 December 

2004 tsunami and corresponding sea-level measurements at Mercator 
(Phuket). 

 
Figure B4.4  Comparison of the results from the 3D back calculation of the 26 December 

2004 tsunami and corresponding sea-level measurements at Gan (Maldives). 
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Figure B4.5 Comparison of the results from the 3D back calculation of the 26 December 
2004 tsunami after two hours and corresponding sea-level measurements 
along the path of the Jason-1 satellite.  

 
Figure B4.6  Time series from 3D simulations for the back calculation of the  

M 9.3 26 December 2004 event taken at the near shore locations outside 
Patong and Bang Niang. The location of Patong is indicated in Figure B3.1 at 
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the tip of the southern white line, and the location of Bang Niang at the tip of 
the northern white line. The water depths of the time series locations are 
displayed in the legend. 

 
Effects of non-linearity and dispersion have been simulated with the 2D Boussinesq model 
described above, along the 2D cross sections shown in Figure B3.1 and in Figure B4.1. As 
shown in Figure B4.1, the direction of wave propagation is parallel to the cross-sections. The 
time series and snapshots at the Bang Niang cross section are shown in Figure B4.8 and 
Figure B4.10. The snapshots are shown right before wave breaking, showing the initiation of 
an approximately 5m high hydraulic jump. This jump is too high to develop into an 
undulating bore. However, some transient oscillations that can explain the near shore 
observations of more than one incident wave crest might develop in front of the bore. This has 
been observed on several of the videos taken close to this location, see e.g. 
www.asiantsunamivideos.com.  The time series and snapshots at the Patong cross section are 
shown in Figure B4.7 and Figure B4.9. Both time series are presented up to 150 minutes. This 
includes one full wave cycle for Patong with early arrival and weaker indications of wave 
breaking. However, it was not feasible to extend the time series for Bang Niang owing to 
wave breaking. 
 
 

 
Figure B4.7 Back calculation of the M 9.3 26 December 2004 tsunami with 2D model; 

surface elevations time series after the M 9.3 earthquake at two different 
depths close to Patong. 
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Figure B4.8  Back calculation of the M 9.3 26 December 2004 tsunami with 2D model; 

surface elevations time series after the M 9.3 earthquake at two different 
depths close to Bang Niang.  

 
Figure B4.9 Back calculation of the 26 December 2004 tsunami with 2D model; surface 

elevations at different times after the M 9.3 earthquake along the Patong cross 
section. 
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Figure B4.10 Back calculation of the 26 December 2004 tsunami with 2D model; surface 

elevations at different times after the M 9.3 earthquake along the Bang Niang 
cross section.  

 
The waves are long (as shown in Figure B4.1 and Figure B4.3 through Figure B4.10), and 
will encounter a relatively steep shoreline. Therefore, the waves will reflect in approximately 
the same way as waves that meet a vertical wall. As stated above, this is supported by the fact 
that the highest inundation levels at various locations along the Thailand coast are observed 
close to the shoreline. Hence,  the simplification of a vertical wall included in all simulations 
is reasonable. The surface elevations in Figure B4.8 are larger than in Figure B4.10 because 
the waves in the latter figure are presented for earlier times and have not been reflected to 
reach maximum heights yet. 

B4.2 Other M 9.3 scenarios 

Prior to the back calculation of the 26 December event, four other M 9.3 earthquake scenarios 
were defined, and the wave propagation was simulated with the numerical shallow water 
model (subsequently referred to as M 9.3 scenarios). The M 9.3 scenarios gave more or less 
the same mean surface elevation along the Thailand coastline as for the back calculation. 
However,  different spatial distributions of the maximum surface elevation along the coastline 
were obtained. Generally, the maximum surface elevation was more evenly distributed than 
for the back calculation, giving more or less the same surface elevations in the time series 
close to Patong, but smaller maximum surface elevations close to Bang Niang. One of the 
principal causes of the large surface elevation at Bang Niang, is believed to be interference of 
waves caused by diffraction of waves from the different segments of the source, propagating 
through the main gaps between the islands along the Sunda Arc. Based on the M 9.3 scenarios 
investigated here, a similar positive intereference for e.g. Patong seems unlikely, but cannot 
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be excluded based on the relative small number of scenarios investigated. Therefore, if a new 
M 9+ event occurs in the future, one cannot exclude that a larger surface elevation will occur 
at certain locations, for instance more than 5 m at Patong City. To assess upper bounds of 
maximum surface elevations at certain important locations like Patong, a more detailed 
sensitivity study of different M 9+ scenarios should be undertaken. 
 

B4.3 M 8.5 earthquake, south scenario 

A snapshot of the surface elevation after 80 min for the M 8.5 south scenario is given in 
Figure B4.11, and the maximum surface elevation during the whole computational time of 6 
hours is given in Figure B4.12. The latter shows maximum surface elevations of 1-2 m along 
the coast of Thailand from the Phuket Island and northwards. Time series of the surface 
elevation for the locations of Patong and Bang Niang are given in Figure B4.13 and Figure 
B4.14 respectively. 
 

 

Figure B4.11  Snapshot of the M 8.5 south scenario 1 hour and 20 min after the earthquake. 
The colour scale is elevation in m. 
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Figure B4.12 Maximum surface elevations for the M 8.5 south scenario during the whole 
computational time for the Thailand coast. The colour scale is elevation in m. 

 
Figure B4.13 Time series at the Patong location for the M 8.5 south scenario (3D 

simulation). 
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Figure B4.14 Time series at the Bang Niang location for the M 8.5 south scenario (3D 

simulation).. 

 
Effects of non-linearity and dispersion have been simulated with the 2D model described 
above, along the 2D cross sections shown in Figure B3.1 and in Figure B4.1. The time series 
and snapshots at the Patong and Bang Niang cross section are shown in Figure B4.15 through 
Figure B4.18. The maximum surface elevations are much smaller than for the M 9.3 event 
also when taking non-linear effects into account. Moreover, the waves in Bang Niang and 
Patong for the M 8.5 south scenario are not breaking. 
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Figure B4.15 M 8.5 south scenario with 2D model; time series of the surface elevation at two 

different depths close to Patong. 

 

Figure B4.16 M 8.5 south scenario with 2D model; snapshots of surface elevations at 
different times along the Patong cross section. 
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Figure B4.17  M 8.5 south scenario with 2D model; time series of the surface elevation at two 
different depths close to Bang Niang. 

 
Figure B4.18 M 8.5 south scenario with 2D model; snapshots of surface elevations at 

different times along the Bang Niang cross section. 

For this scenario that is recommended as design basis on short to medium term, the best 
estimate maximum surface elevation lie in the range 1.5-2 m above sea level. These 
elevations do not take into account variations in tides; this is discussed in Appendix C. 



Tsunami Risk Reduction Measures Report No.: 20051267-1
 Date: 2006-01-14
Tsunami Risk Reduction Measures with Focus on Land use and Rev.: 
Rehabilitation Rev. date: 
Appendix B Page: B24

 

f:\p\2005\12\20051267\8_reports\mainreport-final\doublesidededition\060124-mainreport-final_appb.doc KK 
 

Because there is no apparent trend of maximum increasing surface elevations from south to 
north or opposite, this maximum surface elevation is chosen for all three study locations Bang 
Niang, Patong and Nam Khem.  
 

B4.4 M 8.5 earthquake, north scenario 

A snapshot of the surface elevation after 80 min for the M 8.5 north scenario is given in 
Figure B4.19 , and the maximum surface elevation during the whole computational time of 6 
hours is given in Figure B4.20 . The latter shows maximum surface elevations of 1-2 m along 
the coast of Thailand from the Phuket Island and northwards. This scenario gave results in the 
same range as the M 8.5 south scenario. Time series of the surface elevation for the locations 
of Patong and Bang Niang are given in Figure B4.21 and Figure B4.22 respectively. 
 
 

 
Figure B4.19 Snapshot of the M 8.5 north scenario 1 hour and 20 min after the earthquake. 

The colour scale is elevation in m. 
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Figure B4.20 M 8.5 north scenario; maximum surface elevations during the whole 

computational time for the Thailand coast. The colour scale is elevation in m. 
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Figure B4.21 M 8.5 north scenario; time series at the Patong location for the 3D simulation. 

 
Figure B4.22 M 8.5 north scenario; time series at the Bang Niang location for the 3D 

simulation. 

 
Effects of non-linearity and dispersion have been simulated with the 2D model described 
above, along the 2D cross sections shown in Figure B3.1 and in Figure B4.1. The time series 
and snapshots at the Patong and Bang Niang cross section are shown in Figure B4.23 through 
Figure B4.26 . The M 8.5 north scenario gives more or less the same surface elevations as the 
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M 8.5 south scenario, and supports the selection of the best estimate maximum surface 
elevation given above. 
 
For the M 8.5 north scenario the cross sections (Figure B3.1 and Figure B4.1 ) are to a less 
extent parallel to the direction of wave propagation towards the coast of Thailand, see Figure 
B4.19. In combination with possible 3D effects, this might be the reason why little or no 
increase in surface elevation from 3D to 2D can be seen by comparing Figure B4.21, Figure 
B4.22, Figure B4.23, and Figure B4.25 also taking the depth into account. This differs from 
what can be seen when comparing Figure B4.13, Figure B4.14, Figure B4.15, and Figure 
B4.17  (for which the cross sections are more parallel to the direction of wave propagation). 
Anyhow, from the comparisons above there are strong reasons to believe that the results of 
the 8.5 north scenario will not be significantly influenced by a moderate alteration of the 
orientation of the cross sections. Such an alteration of cross section orientation is also difficult 
to perform due to complexities in the bathymetry. Moreover, the wave patterns of the M 8.5 
north and M 8.5 south scenarios indicate that the radial spreading not included in the 2D 
modelling is larger for the M 8.5 south scenario. Hence, the increase in surface elevation from 
3D to 2D might be slightly overestimated for the M 8.5 south scenario. 
 
 

 
Figure B4.23 M 8.5 north scenario with 2D model; time series of the surface elevation at two 

different depths close to Patong. 



Tsunami Risk Reduction Measures Report No.: 20051267-1
 Date: 2006-01-14
Tsunami Risk Reduction Measures with Focus on Land use and Rev.: 
Rehabilitation Rev. date: 
Appendix B Page: B28

 

f:\p\2005\12\20051267\8_reports\mainreport-final\doublesidededition\060124-mainreport-final_appb.doc KK 
 

 

Figure B4.24 M 8.5 north scenario with 2D model; snapshots of surface elevations at 
different times along the Bang Niang cross section. 

 

 
Figure B4.25 M 8.5 north scenario with 2D model; time series of the surface elevation at two 

different depths close to Bang Niang. 
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Figure B4.26 M 8.5 north scenario with 2D model; snapshots of surface elevations at 

different times along the Bang Niang cross section. 

 

B4.5 Scenarios with earthquake magnitudes less or equal to M 7.5 

The scenarios with earthquake magnitudes ≤  M 7.5, do not produce waves with surface 
elevation larger than 0.5m. Hence, these scenarios are not considered to produce waves that 
are large enough to pose a threat to the Thailand coastline. Nonetheless, one example of time 
series of the surface elevations from the 3D simulations that can typically be expected is given 
for each scenario below, for a location close to Bang Niang. It is noted that the M 7.0 scenario 
produces larger waves than the M 7.5 north scenario, because the M 7.5 north earthquake is 
mainly shielded by the Andaman Islands with regard to Thailand 
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Figure B4.27 Surface elevation time series close to Bang Niang, for the M 7.5 south scenario 

(3D simulation). 

 

Figure B4.28 Surface elevation time series close to Bang Niang, for the M 7.5 mid scenario 
(3D simulation). 
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Figure B4.29 Surface elevation time series close to Bang Niang, for the M 7.5 north scenario 
(3D simulation). 

 

Figure B4.30 Surface elevation time series close to Bang Niang, for the M 7.0 scenario (3D 
simulation). 
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B5 POSSIBLE EFFECTS OF RESONANCE? 

After the  M 9.2 1964 Alaskan Earthquake (Prince William Sound), it was speculated that at 
some locations the tsunami was enhanced by resonance oscillations of bays, fjords and 
shelves due to resonance oscillations of the water masses in the bay/fjord/shelves, Wilson and 
Tørum (1968). 
 
The Patong City is located at the head of a wide bay, Figure 5.1. This bay has its own natural 
periods of oscillations. The water depth at the mouth of the bay is approximately 20 m. The 
longitudinal cross section of this bay may be approximated by a parabolic shape. 

 
 
Figure B5.1 Bay of Patong city. 
 
The fundamental  longitudinal natural periods of oscillations of this bay is then 

sghLT 1267/222.2
1

=⋅=  or 21 minutes (see Figure B5.1 for symbols). The second and 
third mode of natural oscillations will have periods of T2 = 0.41T1 = 8.6 minutes and T3 = 
0.26T1 = 5.5 minutes. 
 
According to the simulations above, the 26 December 2004 M 9.3  tsunami had some 40 
minute period. Hence there would not be any resonance effect at Patong for these waves. 
However, the “Mercator” recordings show periods of 16 minutes and these waves may 
perhaps have been slightly enhanced by resonance. 
 
The M 8.5 north and south scenarios at water depth 5.8m  at Patong show that the period of 
the first tsunami wave is approximately 20 min. More detailed and numerical studies of 
resonance are required to establish whether such effects might play a role in such locations. 

L = 4000 m

h =20 m 
A

A 

Cross section A - A 
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C1 INTRODUCTION 

The purpose of the present project is to develop guidelines for the rebuilding of the areas 
along the west coast of Thailand that were affected by the tsunami event of 26 December 
2004, as well as guidelines for construction in other areas that might be affected by a future 
tsunami. The main aim of the guidelines is to mitigate the risk of fatalities due to a major 
tsunami in the future. Mitigation of the economic risk (i.e. damage to buildings and 
infrastructure) is not the primary focus of the project, but obviously the issue of damage to 
buildings and infrastructure cannot be ignored as it plays an important role in the risk to 
human life. 
 
The catastrophic Indian Ocean tsunami event of 26 December 2004 raised questions about a 
number of issues for both scientists and politicians, for example: 

• Early warning system for tsunamis 
• Responsibilities of different actors 
• Networks and communication 
• Education of the potentially affected population 
• Tsunami hazard and risk maps for the coastal regions 
• Active and passive risk mitigation measures 

 
This project tries to address some of the issues related to the last two points. However, it is 
implicitly assumed that other experts and responsible authorities are working on the 
remaining issues, and that an effective tsunami warning system will be in operation in the 
study area in the future.  
 
One of the key questions in developing the guidelines is the definition of the design tsunami 
event, i.e. the height, velocity and other characteristics of the tsunami wave that forms the 
basis for the risk-mitigating recommendations. 
 
In modern engineering practice, buildings and infrastructure are designed to withstand 
environmental load effects, such as earthquake acceleration, flood level, or wind velocity, that 
are caused by an event with a given annual probability of exceedance; i.e. the return period of 
the design event causing the load is specified in the design code. For example, Eurocode-8 
recommends a return period of 475 years (10% probability of exceedance in 50 years) for the 
design of normal residential buildings against earthquake loads, and somewhat higher return 
periods for schools, hospitals, fire stations and buildings where many people might be 
gathered. The framework behind this methodology is a reliability-based design approach 
which assumes that the annual extremes of the load effect in question have a well-behaved, 
continuous distribution. The arguments presented in this appendix suggest that the tsunami 
load effects do not lend themselves easily to this approach. It will be argued that the most 
rational approach for estimating the risk associated with future tsunamis is to 
consider scenarios of plausible extreme, tsunami-generating earthquake (and/or tsunami-
generating submarine slide) events, compute the tsunami wave heights triggered by these 
events, and estimate the upper and lower bounds on the annual probability of occurrence of 
these scenarios.  
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The risk assessment terminology used in this appendix is based on the Glossary of Terms for 
Risk Assessment developed by Technical Committee on Risk Assessment and Management 
(TC32) of the International Society of Soil Mechanics and Geotechnical Engineering 
(ISSMGE). The important terms and keywords are defined in Appendix I of this report. 
 
 
C2 SCENARIO-BASED VS. ANNUAL PROBABILITY APPROACHES 

As discussed in Chapter 2 of the main report, the return period (inverse of the annual 
exceedance probability) for the event of 26 December 2004 may be as much as thousand(s), 
or at least many hundred, years. The norm in today’s engineering practice for designing 
against earthquake, wind, and other environmental loads is to define the return period of the 
design event causing the load. A similar approach for tsunami may not be rational for the 
reasons listed below: 
 
• Process characteristics  
Due to the characteristics of the physical processes that might trigger a tsunami, there exists a 
threshold return period below which the expected tsunami wave height is insignificant, and 
above which it increases rapidly. This makes the tsunami, in contrast to the first-order 
earthquake hazard, an 'ill-behaving' load in a probabilistic framework, i.e. tsunami wave 
height vs. return period (on a log-scale) is expected to be highly non-linear (see Sec. C3.3). 
 
• Extreme consequences of tsunamis 
A rare, extreme tsunami event might cause thousands of fatalities. So even if the probability 
of occurrence of the event (e.g. hazard) is extremely low, the consequences have the potential 
to be extremely high, and the calculated risk in terms of expected human fatalities is 
undefined (zero times infinity problem). To a lesser degree, this issue is also a problem for 
earthquake loading. An argument that is sometimes used to distinguish earthquakes from 
other environmental loads (winds, floods, etc.) is that such events often have a stronger place 
in societal memory than earthquakes. Tsunamis are further up on that same scale. 
 
• Real vs. perceived risk 
The real risk and the perceived risk for the tsunami are likely to be quite different. Preliminary 
studies show that the most likely source for a tsunami on the west coast of Thailand is a major 
shallow earthquake on the northern section of the Sumatra-Andaman subduction zone. 
Considering that this section of the fault experienced a magnitude 9.3 earthquake in 
December 2004 and a magnitude 8.7 earthquake in March 2005, it is not likely that a similar 
event would occur in the next few hundred years because of the energy already released. This 
means that the (scientifically derived) annual probability of a major tsunami event in western 
Thailand during the next fifty to hundred years might be of the order of 10-3 or lower. 
However, the perceived risk of a tsunami in that area is much higher because of the event that 
did happen, and this is what really matters for the tourist industry.  
 
• Groups of potentially affected population 
The potentially affected population could be divided into three groups based on their temporal 
exposure to the tsunami danger, and their choice in exposing themselves to risk: 1) people  
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who live in the exposed areas permanently, 2) tourists who only live in the exposed areas one 
or two weeks each year, and 3) locals who do not live in the exposed areas, but work there 
during the tourist season. The risk considerations for the 3 groups are not the same. What 
matters for the first group is the “real risk” (which might be impossible to quantify), while the 
“perceived risk” governs the behaviour of the second group. The number of people 
comprising the third group is strongly correlated to the number of tourists, so for this group 
both the real risk and the perceived risk are important.  
 
• Societal risk acceptance criteria 
If one considers the societal risk acceptance criteria adopted in Hong Kong as a guideline 
(Figure C4.1), one should demonstrate that an event similar to the one that occurred on 26 
December 2004 (with the potential of causing over 1000 fatalities) has an annual exceedance 
probability of 10-6 or less. Computing reliably tsunami events with such small probability of 
occurrence is clearly beyond the current limits of analysis capabilities. 
 
• Effective tsunami warning system 
Although many of the recommendations made in this project would be useful even without a 
tsunami warning system, an implicit assumption in the present project is that an effective 
tsunami warning will be in place in Thailand and other countries around the Indian Ocean 
within a few years. This assumption might be highly optimistic. The situation where no 
effective warning system exists (i.e. present day’s situation), should also be considered in the 
design of long-term risk reduction strategies. 
 
• Data issues 
Not enough data are available to establish the magnitude-frequency statistics for tsunamis in 
the Indian Ocean. Therefore, to establish such relationships, other techniques, such as the 
Probabilistic Tsunami Hazard Analysis (PTHA) approach (Thio et al., 2005), should be 
employed. Although PTHA has the potential to provide a rational framework for tsunami-
resistant design in the future, it is not mature enough at present to form the basis for making 
decisions. Developing a reliable PTHA framework for the coastal areas of Thailand and other 
countries around the Indian Ocean is beyond the scope of this project. 
 
Because of the above arguments, the most rational approach is to consider several scenarios 
of plausible extreme, tsunami-generating earthquakes (and/or tsunami-generating 
submarine slides), compute the tsunami wave heights triggered by these events, and 
estimate the upper and lower bounds on the annual probability of occurrence of the 
scenarios. This scenario-based approach is particularly well suited for tsunamis because of 
their physical characteristics. For example, the direction of the tsunami wave and potentially 
affected areas are known beforehand, and reliable software for calculation of the tsunami 
resulting from sea floor displacements due to a fault movement or a submarine slide is 
available. 
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C3 TSUNAMI CHARACTERISTICS AND ESTIMATES OF RETURN PERIOD 

C3.1 Tsunami-generating processes 

A tsunami is triggered by sudden deformation of the sea floor or significant perturbation of 
the water column from the sea surface to the sea floor. The processes that could trigger a 
tsunami include (Figure C4.1): 
 

1. Offshore earthquakes (sea bottom displacements due to fault movement) 
2. Large submarine slides (triggered by an earthquake, or caused by other processes) 
3. Rockslides (into fjords/lakes/reservoirs) 
4. Volcanic activity (in coastal areas or on the sea floor) 
5. Meteorite impacts 

 
In the context of hazard and risk assessment, only Processes 1 and 2 are believed to be 
relevant for this study. Processes 3 and 4 are not considered relevant for the west coast of 
Thailand as there are no known active volcanoes or potentially unstable rock slopes at critical 
locations. Process 5 could happen anywhere in the world, but it has an extremely small 
probability of occurrence, probably in the order of 10-7 – 10-6 per year.  
 
It should be noticed that Processes 1 and 2 are highly correlated, because the most likely 
triggering mechanism for a submarine mega-slide in the region is a strong earthquake. 
Therefore, the focus of this project is on the risk posed by tsunamis that are triggered by a 
strong earthquake. 
 
The parameters of interest of the study are the water level at shoreline, the maximum water 
level, and the inundation limit for the design tsunami event(s) at the locations of interest. 
Other parameters, such as the impact velocity of the tsunami wave on structures close to the 
shoreline, might also be important for tsunami-resistant design of exposed structures.  
 
 
 

 
(a) Fault movement on sea bottom 
 

 
 
(b) Volcanic eruption near the sea 
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(c) Submarine slide 

 
(d) Meteorite impact into the ocean 

  

Figure C3.1 Tsunami-generating processes 

 
 
As mentioned earlier, the design of tsunami risk mitigation measures requires the definition of 
the design tsunami event, and an estimate of how often the design event could occur (i.e. the 
return period of the design event). This estimate, which is discussed in the following section, 
is necessary if one is interested in the quantification of tsunami risk.  
 

C3.2 Return periods of the 26 Dec. 2004 tsunami and future tsunami  events 

Thio et al. (2005) performed preliminary studies for the northeast Indian Ocean region using 
a Probabilistic Tsunami Hazard Analysis (PTHA) approach. The attractiveness of PTHA is its 
ability to condense the complexities and variability of the exposure to tsunamis into a 
manageable set of parameters that could form the basis for design of mitigation measures. 
However, as it will be discussed later, the uncertainty in the results obtained by Thio et al. 
(2005) so far is very large and at this stage, the method should only be used in a qualitative 
manner. 
 
Some of the results obtained by Thio et al. (2005) are summarised in Figure C3.2 and Figure 
C3.3. Figure C3.2 shows the computed tsunami wave heights at the shoreline for three 
different return periods, while Figure C3.3 shows the tsunami wave height (water level at 
shoreline) hazard curves at four locations in the northeast Indian Ocean region. These curves 
indicate that the December 26, 2004 tsunami was an approximately 1000- to 2000-year event 
in Thailand. 
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Figure C3.2 Probabilistic tsunami hazard for the northeastern Indian Ocean for three 

return periods. The vertical scale for the 50 year case is different from those of 
the 475 and 975 year cases. Note that the height is at a location represented by 
the 15 m bathymetry line. Preliminary results from Thio et al (2005). 

 
 
For the present study, it is important to note that the tsunami wave height is not directly 
dependent on the earthquake size and return period. The effect of the earthquake in terms of 
the induced ground deformations on the sea floor is the governing factor for the tsunami. The 
magnitude-frequency relationship for the earthquake-induced sea floor deformations is 
probably the weakest link in the PTHA model developed by Thio et al. (2005). The epistemic 
uncertainty (i.e. the uncertainty due to lack of knowledge) associated with the PTHA results is 
much larger than that associated with probabilistic seismic hazard analysis (PSHA) results, 
and this epistemic uncertainty must be reduced if the PTHA results are to form the basis for 
making decisions. 
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Figure C3.3 Tsunami height hazard curves at four locations in the northeast Indian Ocean 

region. The heights are at the 15 m bathymetry line. Subsequent shoaling and 
run up will cause the height to increase. Preliminary results from Thio et al 
(2005). 

 
The approach adopted in this study was to consider scenarios of plausible extreme, tsunami-
generating earthquake events, compute the tsunami wave heights triggered by these events, 
and estimate the upper and lower bounds on the annual probability of occurrence of these 
scenarios. As discussed in Chapter 2 of the main report, the uncertainty in the return period 
estimates is large.  
 
There are two principal approaches for estimating the return period of an earthquake with a 
given magnitude: 
• Use the subduction rate as the basis for evaluating how long it would take to 

accumulate a given slip, corresponding to a given magnitude. This approach is based 
on the assumption that the fault is locked and that the seismic coupling is complete. 

• Use the seismicity to estimate the recurrence statistics and extrapolate to larger 
magnitudes. If possible, complement with larger historical earthquakes and paleo-
seismological information. The main problem here is that the seismological record is 
short (complete only since 1964). Ideally, data should cover several cycles of seismicity, 
where paleoseismological data in some cases may be very useful. 

 
In this study, both approaches were used to estimate the return period of the tsunami-
generating earthquakes, but the return periods estimated from the subduction rates were given 
more weight. For example, the estimates of the return period of a magnitude 9.3 earthquake, 
similar to the one that caused the tsunami on 26 December 2004, vary between 270 years 
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using the subduction rate approach, and 1140 years using the seismicity statistics. The risk 
estimates presented at the end of the appendix are based on a return period of 400 years.  
 
A key issue that is emphasised in Chapter 2 of the main report regarding the return period is 
the timing of major earthquake events within the occurrence cycle. The evaluations suggest 
that an M 9+ earthquake in the Sumatra subduction zone with potential tsunami effects on 
Thailand will most likely not occur before at least 400 years after the 2004 megathrust 
earthquake.  For the M 8 to 8.5 earthquakes, the cyclicity is less predictable (i.e. the 
occurrence is more random within recurrence interval), but even for such events the 
probability of occurrence will be quite low for a long time after 2004, increasing gradually 
with time.  
 
It should further be noted that the return period of an earthquake with a given magnitude is 
not the same as the return period for the tsunami wave height that is computed for that 
earthquake scenario. Another M 9.3 earthquake on the Sumatra subduction zone is likely to 
trigger a tsunami comparable to one that occurred in December 2004, although the spatial 
distribution of the wave heights along the affected coastal areas will be different. This is 
because an M 9.3 earthquake would involve fault rupture along more-or-less the whole 
subduction zone, and result in sea floor displacements comparable to those that occurred on 
26 December 2004. However, an M 8.5 earthquake will not necessarily occur at the location 
that was assumed for the scenario considered in this study (which was the most critical 
location with respect to a tsunami in Thailand). The fault rupture could occur anywhere on the 
Sumatra subduction zone (i.e. not necessarily at the most critical location) and the earthquake 
might be deeper, resulting in smaller sea floor displacements. For example, the M 8.6 Nias 
earthquake that occurred on 28 March 2005 did not cause a noticeable tsunami in Thailand or 
in Sumatra.  

C3.3 Characteristics of tsunami from an engineering design perspective 

Most common environmental loads and load effects, such as the stresses induced in a 
structure by earthquake, wind, and snow, or the highest water level in a river during a flood 
event, can be classified as ‘well-behaving’ loads in a probabilistic sense (see Figure C3.4). 
These loads exhibit a more or less linear characteristic on a plot showing the load-level vs. 
logarithm of return period.  
 
The well-behaving loads fit nicely into the partial safety factor format of modern design 
codes. The code defines the return period of the design event and the partial safety factors that 
are used to obtain a target reliability level (i.e.  an acceptable annual failure probability). 
 
Unfortunately, the tsunami wave height falls into the category of ‘ill-behaving’ loads from an 
engineering design perspective as it exhibits a highly non-linear behaviour in the type of plot 
shown on Figure C3.4. This can be seen from the computed hazard curves shown on Figure 
C3.3. Due to the characteristics of the physical processes governing the tsunami, it is likely 
that there exists a threshold return period below which the expected tsunami wave height is 
insignificant (earthquakes with magnitude less than 7.5 rarely trigger a tsunami), and above 
which it increases rapidly. There are other types of geohazards, for example debris flow, for 



Tsunami Risk Reduction Measures Report No.: 20051267-1
 Date: 2006-01-14
Tsunami Risk Reduction Measures with Focus on Land use and Rev.: 
Rehabilitation Rev. date: 
Appendix C Page: C10

 

f:\p\2005\12\20051267\8_reports\mainreport-final\doublesidededition\060124-mainreport-final_appc.doc      FNa 

which the magnitude or intensity of the triggering mechanism should be above a threshold 
value before the process is initiated. All the ‘threshold-dependent’ processes would fall into 
the ‘ill-behaving’ load category from an engineering design perspective, and they do not fit 
well into the design formats developed for well-behaving loads. 
 
 

 
Figure C3.4 Examples of well-behaving and ill-behaving loads (Haver, lecture notes, 

Norwegian University of Science and Technology, 2005). 

 
On the other hand, there are several aspects of the tsunami load which are well defined. The 
direction of the loading is given, and the area affected by the load is, in most situations, 
limited to a few hundred metres from the shoreline. This makes the tsunami problem ideal for 
scenario (what-if) studies. By considering a few plausible scenarios of extreme events, the 
geographical extent of the potentially affected areas can be identified and appropriate risk 
reduction measures can be implemented. However, as discussed earlier, it would be very 
difficult to assign a reliable return period to the scenarios with our present state of knowledge. 
 
The consequences of the scenario tsunami events (i.e. maximum water level and inundation 
distance from the shoreline), combined with the physical and social constraints and 
possibilities in the areas of interest, would form the basis for risk mitigation measures and 
other long-term risk management strategies. The knowledge of the potential consequence of a 
future tsunami event might support decision-makers at regional (municipality), national 
(government) or global levels (UN) in their decisions. 
 
 
C4 RISK ACCEPTANCE CRITERIA 

A part of risk assessment and risk management is to deal with risk acceptance criteria. Here, it 
is important to recognise the difference between acceptable and tolerable risks defined earlier. 
This differentiation is often reflected through the use of the so-called ‘F-N curves’. The F-N 
curves relate the annual probability of causing N or more fatalities (F) to the number of 
fatalities, N. This is the complementary cumulative distribution function. The term "N" can be 
replaced by any other quantitative measure of consequences, such as monetary measures. 
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Such curves may be used to express societal risk criteria and to describe the safety levels of 
particular facilities. 

C4.1 Acceptable and tolerable risk levels for natural hazards 

If the risk assessment and risk management options deal with risk acceptance criteria, it is 
important to recognise the difference between acceptable and tolerable risks. Fell et al. (2005) 
provided the following definitions and discussions (the text within the quotations is from Fell 
et al., the comments within brackets in italics are by the author): 
 
“…………….. 

Acceptable risk: A risk which everyone impacted is prepared to accept. Action to 
further reduce such risk is usually not required unless reasonably practicable measures 
are available at low cost in terms of money, time and effort. 
Tolerable risk: A risk within a range that society can live with so as to secure certain 
net benefits. It is a range of risk regarded as non-negligible, and needing to be kept 
under review and reduced further if possible. 
[ It is important to clarify who defines the levels of acceptance and tolerance. The 
potentially affected population? A government agency? The design engineer? This is 
crucial for further decisions on mitigation measures.]  

 
Factors that affect an individual's attitude to acceptable or tolerable risk will include  
− Resources available to reduce the risk. 
− Whether there is a real choice, e.g. can the person afford to vacate a house despite the high 

risk? 
− The individual’s commitment to the property and its value relative to the individual’s 

income. 
− Age and character of the individual. 
− Exposure the individual has experienced in the past. 
− Availability of insurance. 
− Regulatory or policy requirements. 
− Whether the risk analysis is perceived to be reliable. 
[As mentioned earlier, in this project the potentially affected population could be divided into 
three groups based on their temporal exposure to the tsunami danger, and their choice in 
exposing themselves to risk: 1) people who live in the exposed areas permanently, 2) tourists 
who only live in the exposed areas one or two weeks each year, and 3) locals who do not live 
in the exposed areas, but work there during the tourist season. The risk considerations for the 
3 groups are not the same. The individual’s attitude is the main consideration for the tourists. 
For the other 2 groups, other attitudes are also important.] 
 
There are some common general principles that can be applied when considering tolerable 
risk to loss of life criteria: 
− The incremental risk from a hazard to an individual should not be significant compared to 

other risks to which a person is exposed in everyday life. 
− The incremental risk from a hazard should, wherever reasonably practicable, be reduced, 

i.e. the As Low As Reasonably Practicable (ALARP) principle should apply. 
− If the possible loss of life from a landslide incident is high, the likelihood that the incident 

might actually occur should be low. This accounts for society’s particular intolerance to 
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incidents that cause many simultaneous casualties, and is embodied in societal tolerable 
risk criteria. 

− Persons in society will tolerate higher risks than they regard as acceptable, when they are 
unable to control or reduce the risk because of financial or other limitations. 

− Higher risks are likely to be tolerated for existing structures than for planned projects,  
− Tolerable risks may vary from country to country, as well as within a country [region, city, 

family], depending on historic exposure to a particular natural hazard, and the system of 
ownership and control of the elements at risk. 

[The above principles are typical of the view of a government agency.] 
 
There are no universally established individual or societal risk acceptance criteria for loss of 
life due to natural hazards. The following are some examples of the guidance on what has 
been accepted in various countries [by mostly experts]: 
 
i) Individual risk 
AGS (2000) suggested that, based on criteria adopted for Potentially Hazardous Industries, 
Australian National Committee on Large Dams (ANCOLD 1994, which were also adopted in 
ANCOLD 2003); and the review in Fell and Hartford (1997) the tolerable risk criteria shown 
in Table 1 “might reasonably be concluded to apply to engineered slopes”. They suggested 
that acceptable risks are usually considered to be one order of magnitude smaller than these 
tolerable risks. 
 
It should be noted the AGS (2000) guidelines do not represent a regulatory position. 
ANCOLD (2003) deleted reference to the “average of persons at risk”, taking account only of 
the person most at risk. 
 
Table 1. AGS (2000) suggested tolerable risk criteria  

Situation Suggested tolerable risk for loss of life 
Existing engineered slopes 10-4/annum person most at risk 

10-5/annum average of persons at risk 
New engineered slopes 10-5/annum person most at risk 

10-6/annum average of persons at risk  
 
ii) Societal risk 
The application of societal risk to life criteria is to reflect the reality that society is less 
tolerant of events in which a large number of lives are lost in a single event, than of the same 
number of lives are lost in a large number of separate events. Examples are public concern to 
the loss of large numbers of lives in airline crashes, compared to the many more lives lost in 
small aircraft accidents. 
 
The use of cumulative F-N curves to reflect this is not universal. An example which has been 
trialled on an interim basis in Hong Kong to assist landslide risk management of natural 
hillside hazards is shown in Figure C4.1. 
 
Christian (2004) also discusses the use of F-N criteria. He suggests that using the output of 
probabilistic analyses is hindered by the well-established fact that people, including engineers, 
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have a lot of trouble understanding small probabilities and that in recent years, the f-N and F-
N diagrams have proven to be useful tools for describing the meaning of probabilities and 
risks in the context of other risks with which society is familiar. He points out that computed 
absolute probabilities may not include all contributions; an effective approach is to compare 
probabilities of different options or alternatives. Probabilistic methodologies also provide 
insight into the relative contributions of different parameters to the uncertainty of the result 
and thus give guidance for where further investigations will be most fruitful. 
 
Whether such quantitative criteria as the examples given are acceptable in principle will 
depend on the country and legal system in which the event is being considered. In some 
societies, e.g. Australia, Hong Kong, and the United Kingdom, the use of such criteria for 
Potentially Hazardous Industries, and to a lesser extent dams and landslides is gaining 
acceptance. In others, such as France, the legal framework currently precludes the use, at least 
in absolute terms. 
 

 
 

Figure C4.1 Interim societal risk tolerance criteria (Geotechnical Engineering Office, 
1998). 

 
Those who use Quantitative Risk Assessment (QRA) for natural hazards should keep the 
following in mind when analysing, assessing and managing risk: 
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• Estimates of risk are inevitably approximate, and should not be considered as absolute 
values. This is best understood by allowing for the uncertainty in the input parameters, 
and in reporting the risk analysis outcomes. 

• Tolerable risk criteria are themselves not absolute boundaries. Society shows a wide 
range of tolerance to risk, and the risk criteria are only a mathematical expression of 
the assessment of general societal opinion. [Most social scientists believe that societal 
opinion cannot be expressed by mathematical expressions.] 

• It is often useful to use several measures of tolerable risk criteria, e.g. f-N pairs, 
individual and societal risk, and measures such as cost to save a life and maximum 
justifiable cost if risk mitigation is being considered. 

• It must be recognised that QRA is only one input to the decision process. Owners, 
society and regulators will also consider political, social and legal issues in their 
assessments and may consult the public affected by the hazard. 

• The risk can change with time because of natural processes and development. [i.e. the 
“geo-system” changes with time, and so does the “social system”, probably with 
much faster rates of change then the “geo-system”] 

• Extreme events should be considered as part of the spectrum of events. Sometimes it 
is the smaller, more frequent, events that contribute most to risk, not the low 
frequency very large event. 

…………………………………..” (Fell et al., 2005) 
 
Traffic casualty statistics are sometimes used as a guideline for tolerable societal risk. 
Unfortunately, Thailand is among the countries with the highest traffic casualties in the world. 
There were over 14,500 death and 1 million injuries on Thailand’s roads in 2004. This 
corresponds to an individual risk of about 2.4⋅10-4 /year for death, which is more than twice 
the generally quoted value of 10-4 /year in western countries, and annual risk of over 1% for 
serious injury in traffic accidents.  
 
Of course it could be argued that the Thai society is not tolerating this risk, as evidenced by 
the harsh punishments handed to drunk drivers involved in accidents. Furthermore, an 
important target group for this study are the tourists, who mostly come from countries with 
much lower apparent tolerable risk level. 
 
If one considers the societal risk acceptance criteria adapted in Hong Kong (Figure C4.1) as a 
guideline, the design event (which has the potential of causing over 1000 fatalities) would be 
a tsunami with annual exceedance probability of at most 10-6. Computing tsunami events with 
such small probability of occurrence is not possible with the present state of knowledge. 

C4.2 Real risk vs. perceived risk for natural hazards 

Considering that the Sumatra subduction zone experienced an M 9.3 earthquake in December 
2004 and an M 8.6 earthquake in March 2005, it is highly unlikely that a similar event would 
occur in the next few hundred years because of the energy released already. This means that 
the (scientifically derived) annual probability of a major tsunami event in western Thailand 
during the next 50 years might be 10-4 or lower. However, the perceived risk of a tsunami in 
that area is much higher because of the event that did happen, and this is what really matters 
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for the tourist industry. On the other hand, what matters for the people living permanently in 
the potentially affected areas is the “real risk” (which might be impossible to quantify). There 
is also a third population category comprised of people who work for the tourist industry, but 
who do not live permanently in the affected areas. The number of people in this group is 
strongly correlated to the number of tourists. Both the real risk and the perceived risk for the 
tsunami are important issues for this group.  

Paus (2002) gave an example of comparison between the real and perceived significance of 
serious risks for common (e.g. smoking, cancer, accidents at home, etc.) and rare or “exotic” 
threats (e.g. earthquake, terrorism, train accident). His results were based on a few interviews 
and cannot be regarded as a definitive scientific study.  However, they are still illustrative and 
imply that the risks which the individual has a potentially strong influence over are all 
estimated as higher than they really are. This overestimation is “helpful” as caution reduces 
the everyday risks. On the other hand, the risk from rare (or “exotic” in Paus’ terminology) 
occurrences are often underestimated out of a mixture of ignorance, complacency and 
optimism. Paus argues that it is ‘exotic occurrences that trip us up’. 

Shrader-Frechette (1990) is sceptical to distinguishing between ‘real risk’ and ‘perceived 
risk’. She argued that: 

“….. Assessors who subscribe to the "Expert-Judgment Strategy" assume that one can 
always make a legitimate distinction between "actual risk" calculated by experts and 
so-called "perceived risk" postulated by lay persons. They assume that experts grasp 
real, not perceived, risk, but that the public is able only to know perceived risk. This 
essay argues that all risk is perceived, even though there are criteria for showing why 
some risk perceptions are more objective or better than others. It argues that, although 
risk is not wholly relative, it is unavoidably "perceived." After showing what is wrong 
with the Expert-Judgment Strategy and the ethical consequences following from its 
use, the essay argues for an alternative approach to hazard evaluation and risk 
management. It describes a new, negotiated (rather than merely expert-based) account 
of rational risk management.  

To understand more precisely what is meant by the Expert-Judgment Strategy, recall 
that one of the most fundamental sources of divergence, in technology-related risk 
assessments, is whether evaluation of specific hazards is in part a function of a real, 
probabilistically described risk, or whether hazard evaluation is wholly a product of 
the societal processes by which information concerning the danger is exchanged. More 
succinctly put, do people fear nuclear power, for example, because they assume that it 
is an inherently dangerous technology? Or do they fear atomic energy because they are 
victims of a sensational media campaign that has played on ignorance and paranoia 
about technology? 

But there are no adverse impacts that are purely perception-induced unless one has 
completely uncontroversial measures of hazards (versus perceptions of hazards) and 
uncontroversial measures of risk impacts (versus impacts of risk perceptions). We 
have wholly exact measures for neither. What we have, instead, is a quantitative, 
"expert" definition of risk, as opposed to a qualitative, allegedly subjective notion of 
lay risk perception. Those who fall victim to the Expert-Judgment Strategy typically 
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assume that risk can be defined purely probabilistically, as an average annual 
probability of fatality. They likewise assume that anyone (e.g., a layperson concerned 
about consent, equity, etc.) who does not subscribe to this purely probabilistic 
definition has an erroneous risk perception, rather than an accurate, alternative 
conception of risk. 
 
All risks are perceived, although they are not wholly relative 
 
Nevertheless, risk perceptions are often real and objective, at least in the sense that 
empirical evidence, e.g., accident frequency, is relevant to them and is capable of 
providing grounds for amending them. This means that all risks (the probability p that 
some X will occur) are both perceived and real. Their exact nature and magnitude 
become more fully knowable, however, insofar as more instances of X occur. …..”  

 
Shrader-Frechette (1990) listed several reasons why the quantitative, ‘expert’ definition of 
risk is not necessarily more accurate than the risk perceived by laymen. She argued that 
accepting a sharp distinction between risk and risk perception is both politically dangerous 
and epistemologically confusing. It makes no sense to talk about actual risks versus perceived 
risks, as if experts had some magic window on reality. Instead one must deal with all hazards 
as they are perceived, even though they are not purely relative.  

C4.3 Risk acceptability based on the Life Quality Index (LQI) 

Several researchers in recent years have started to advocate the use of Life Quality Index 
(LQI) as a tool for the assessment of risk reduction initiatives that would support the public 
interest and enhance safety and quality of life (e.g., Rackwitz, 2002; Pandey and Nathwani, 
2004). The basic premise of this approach is that death is certain, only its timing is uncertain. 
Therefore longevity or life expectancy is a more useful and scientifically correct measure than 
“lives saved” in the assessment of safety programmes and regulations.  
 
The societal willingness to pay for a small reduction in risk can be formulated as a problem of 
decision-making under uncertainty, and the principles of utility theory can be applied to 
derive a Life Quality Index at the societal level as (Pandey and Nathwani, 2004): 
 

LQI = Gq⋅E 
 
where G is the gross domestic product ($/person/year), E is the life expectancy in the country, 
and q is ratio of average work to leisure time available to members of the society. Pandey and 
Nathwani (2004) show how LQI could be used to estimate the societal willingness-to-pay for 
safety, and Rackwitz (2002) provides more examples of optimisation and risk acceptability 
based on the LQI. 
 
Although the LQI provides a scientific basis for prioritising the expenditures by the 
government to improve the life quality of its citizens (i.e. whether the Government of 
Thailand should spend its money on improving the roads to reduce traffic accidents, or 
mitigating the tsunami risk), it suffers from several shortcomings. It assumes that the actual 
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risk can be calculated, which is an assumption that is not universally accepted (see previous 
section). A more important counter-argument against using the LQI for the tsunami problem 
in Thailand is that most of the potential victims are not Thai citizens. LQI focuses on the 
economic costs of fatalities of the member of the society. The economic losses due to 
reduction of revenues from the tourist industry cannot be built into LQI, and as long as the 
tourists perceive the tsunami risk in Thailand to be unacceptably high, they might stay away. 
 
 
C5 CONCLUSIONS REGARDING DESIGN CRITERIA AND  COMMENTS 
REGARDING RISK LEVELS 

C5.1 Combination of tsunami, high tide and storm surge 

The tsunami simulations presented in Chapter 3 of the main report give the tsunami wave 
height with respect to the mean sea level. If the tsunami occurs during high tide and/or storm 
surge, the maximum water level will be significantly higher.  
 
The normal high tide in the area of interest is approximately +0.80 m above the mean sea 
level (m.s.l). Twice a month, during the spring tide, the water level is as much as +1.5 m 
above the m.s.l. The probability of two independent extreme events, namely a design tsunami 
and an extreme high tide, happening at the same time is so low that it contributes very little to 
the total risk. Therefore, as a conservative basis for the design of risk mitigation measures, a 
value slightly greater than the mean high tide (about 1.0 m) is added to the computed tsunami 
wave height for the design event to obtain the design water level. 
 
Similarly, if a tsunami strikes during a storm, the combination of the tsunami wave and the 
storm surge will increase the inundation levels and thus the potential impact of the tsunami. 
However, because of the low probability that these two independent events will occur at the 
same time, the increased risk because of this combination is marginal. The risk to human life 
might even be lower for the combined tsunami wave and the storm surge event, as the beaches 
will be less populated during a storm. Therefore the combined tsunami – storm surge event is 
not considered in the design of mitigation measures. 

C5.2 Recommended design water levels 

Based on the arguments presented in this appendix, and in Chapters 2 and 3 of the main 
report, the following water levels are recommended for design of tsunami risk mitigation 
measures: 
 
• Short- to medium term 
The risk mitigation measures to be implemented within the next 50 to 100 years should be 
designed for maximum water level of +2.5 to +3.0 m above the mean sea level (1.5 – 2.0 m 
due to tsunami and about 1.0 m due to possible high tide). 
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• Long term 
The long-term (100 – 200 years) risk mitigation measures should protect the exposed 
population from a tsunami similar to the one that occurred on 26 December 2004, i.e. +5.0m 
to +12.0m above m.s.l. It should be noted that the maximum tsunami wave heights along the 
west coast of Thailand and their spatial variation for a future magnitude 9.3 earthquake may 
be quite different from those observed during the 26 December 2004 event. Depending on the 
pattern of seabed dislocation caused by the earthquake, areas that experienced a maximum 
water level of about +5 m (such as Patong City), could experience a higher water level in a 
future tsunami. The possible range of characteristics of a future extreme tsunami event needs 
further investigation. 
 
In the long term, a possible sea level rise due to climate change should also be considered. 
However, how much the sea level might rise during the next 100 years is still being debated 
among climate experts. 

C5.3 Is tsunami risk level in Thailand acceptably low? 

The use of cumulative F-N curves to reflect societal risk due to natural hazards is not 
universal, but it is an approach which has been used successfully in Hong Kong to assist 
landslide risk management of natural hillside hazards (Figure C4.1). The ALARP zone in 
Figure C4.1 represents the tolerable risk situations. The criteria depicted on Figure C4.1 were 
used to deem the tsunami risk level in Thailand. 
 
Based on the return period estimates described in Sec. C5.1, the recommended design water 
levels in Sec. C6.2, and the experience from the 26 December 2004 tsunami, the annual risk 
to human life from a tsunami on the west coast of Thailand, and the changes in this risk with 
time can be estimated. Figure C5.1 shows the estimated risk plotted on the societal risk 
acceptance criteria diagram for Hong Kong. Zone A represents the best estimate of the 
tsunami risk in Thailand for the next 50-100 years. This risk is associated with the occurrence 
of an M 8.5 earthquake at a critical location on the Sumatra-Andaman subduction zone. Zone 
E, which clearly represents an unacceptable situation, represents the situation prior to the 
tsunami of 26 December 2004 and also the long-term situation after several hundred years if 
no risk mitigation is done.  
Figure C5.2 shows a simplified version of the risk depicted on Figure C5.1 where the vertical 
axis represents risk in terms of the expected annual human fatalities (averaged over several 
hundred years) in Thailand due to a tsunami.  
 
The main conclusion that can be drawn from Figure C5.1 and  
Figure C5.2 is that, as far as the tsunami risk in Thailand is concerned, the present day 
situation without risk mitigation measures is marginally acceptable and will remain so for one 
or two generations. However, a long-term strategy must be implemented to mitigate the 
tsunami risk by reducing the vulnerability of the exposed population to an event similar to the 
one that occurred on 26 December 2004. 
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Figure C5.1 Estimated risk of tsunami in Thailand plotted against the societal risk 
tolerance criteria of Geotechnical Engineering Office (1998) of Hong Kong. 
Zone A represents the best estimate of the tsunami risk in Thailand today. Zone 
E represents the situation prior to the tsunami of 26 December 2004 and also 
the long-term situation after four to five hundred years if no risk mitigation is 
done. Zones B, C and D are respectively representative of the situations after 
50-100 years, 150-200 years, and 250-300 years if no risk mitigation is done. 
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Figure C5.2 Risk levels implied by the zones in Figure C5.1 simplified to risk in terms of 
expected number of fatalities per year, averaged over several hundred years, 
due to tsunami along the west coast of Thailand (Top: linear scale, bottom: 
log-log scale). 
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D1 DEALING WITH TSUNAMI MITIGATION MEASURES 

Dealing with tsunami risk mitigation measures is a relatively complex task. While tsunamis 
are infrequent events, they may be extremely destructive as was demonstrated in December 
2004. 
  
Implementation of mitigation measures to protect human lives and valuable property from the 
forces of a large tsunami will in most cases have a number of consequences for the affected 
community, in addition to the mere costs of it. It takes a lot for a community to carry out such 
initiatives, especially when we know that the chances for a new great tsunami happening in 
the present population’s life span, is minimal. Still, ignoring the risk when knowing that a 
large tsunami will strike again in some hundred years is highly irresponsible, considering 
coming generations and how they will be affected by a new, severe tsunami.  
 
Tsunami hazard is one among many aspects to be considered when a community decides the 
guidelines for its physical development. Important aspects, among numerous others, could be:  

• other hazards (e.g. flooding, land slides, earth quakes) 
• the industries the communities live from 
• health and well being of the inhabitants 
• costs of constructing and maintaining the built structures  

 
There is also the fact that every place and every situation is different, due to such factors as 
geography, politics, population, industries, planning systems, building traditions etc. This 
means that the same mitigation measures are not applicable everywhere, and that how 
mitigation measures may best be implemented (that is, through which processes or decision 
systems) varies as well.  
 
Assessing mitigation measures in relation to tsunami risk is a complex task. The cost can be 
high and how to finance the works too costly or problematic, that neither for the present 
community nor for the coming generations, and that preferably is to the benefit of both 
present and coming generations. The mitigation measures must moreover be adapted to the 
local context. One approach is through land use planning, which is supposed to be local, 
comprehensive, long-term and often democratic, and which are covering all land use and all 
physical development. In the following is discussed how land use planning can be used as a 
mitigation measure to reduce tsunami hazard 
 
 
D2 MITIGATION MEASURES ASSESSED 

D2.1 Possible mitigation measures 

How can human lives and valuable property be protected from the destructive forces of a 
tsunami? Some principles of this are shown in Figure D2.1:  
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• People, activities and buildings could be located beyond the inundation zone or above 
maximum run up height (on natural or artificial heights). 

• They could be protected by protective walls. 
• Early warning systems could be installed, which together with safe and efficient 

escape routes would allow people to escape before the tsunami strike. 
• Safe places can be accommodated, such as elevated escape hills or buildings adapted 

to withstand the force of a tsunami and tall enough to be safe. 
In most cases, using only one of the above mentioned approaches to protect a community will 
not be feasible.  
 
 

 

Figure D2.1 How to protect human lives and valuable property from the tsunami forces – 
principles 

 
The mitigation measures are categorised and discussed as follows;  

• master planning 
• project planning 
• constructing physical water barriers 
• developing functional networks of escape routes and safe places 
• awareness building 

 
The mitigation measures could also be categorised according to their effects: 

• avoiding all damage to human life and material values 
• reducing loss of lives and material damages 
• reducing loss of lives 

 
Yet another way of categorising mitigation measures could be due to their implementation 
horizon: 

• short-term – what can be done in and with the existing situation 
• longer term – how to organise and design future developments, both on overall level 

and project level 
 
The text is organised according to the first list.  
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D2.2 A very short introduction to the planning hierarchy 

Planning systems tend to be organised hierarchically. On top, there is the master plan (often 
known as a comprehensive land use plan, overall land use plan, general plan etc.) on a given 
administrative or territorial level (region, municipality, city, or village). Through master 
planning, the community attempts to address economic, social, environmental and physical 
(and often e.g. cultural and aesthetic) issues in a long term perspective, and based on this 
establish a framework for future physical development within the territorial borders of the 
master plan.  
 
The planning process results in a master plan, which is a map showing where different kinds 
of development (housing, public projects, industry) may take place, which areas can not be 
developed for various reasons (such as protection of water sources, farmland or environmental 
values), areas for future large scale infrastructure etc. Supplementary provisions often follow 
the master plan. These provisions may, among other things, put regulations of various kinds 
for given zones, such as flood hazard districts or particularly vulnerable areas.  
 
The master plan is implemented day-to-day through review of local plans (often called site 
plans or zoning plans), and building permits. While the master plan draws up the framework 
for the future physical development, a local plan describes the project in more detail. The 
local plan describes where the building(s) will be located on the site, how many floors will be 
built, where access roads are planned etc. The local plan is reviewed by the designated 
authorities, and permitted if the authorities find the plan satisfactory (in accordance to 
demands in the master plan, among other things).  
 
A new building also has to be in accordance with the building code. A building code is often 
defined as a set of laws that specify how buildings should be constructed. This is generally 
considered the minimum acceptable level of safety for a new building in a jurisdiction. Some 
countries have a national building code, often in combination with local building codes. 
Before starting to build, one must apply for a building permit. In order to obtain a permit, the 
developer must prove that the demands in the building codes are fulfilled.  
 
An important ideal in land use planning is that stakeholders and interest groups should be 
involved and heard in the process, since the land use planning process is supposed to be an 
area for the community in which to discuss the future development of their community.  

D2.3 Master planning for reduced tsunami hazard 

Master planning is an important tool for implementing all mitigation measures discussed in 
this report. This is both due to the fact that the master plan is an arena for discussing overall 
and long term planning in a community context, because it can impose demands and 
restrictions on project developments, because it is the arena for discussing large constructions 
such as physical water barriers and because it is the right level for discussing a functional 
network of escape routes and safe places. All physical mitigation measures should first, or at 
least, be discussed in a master plan.  
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Master plans address the overall and long term issues of the community, and it seems 
reasonable that tsunami risk and mitigation measures are addressed along with other issues in 
tsunami hazard prone areas. Seen from the opposite direction, since master planning guides 
the location, type, and intensity of development, it can be used to reduce the community’s 
exposure to tsunami hazards and to reduce the consequences of tsunamis. The authorities can, 
through master planning and in defined zones (such as tsunami hazard zones) regulate 
development through prohibiting new constructions, allow only certain kinds of development 
or activities or link criteria to development.  
 
Development of any kind in tsunami hazard prone areas could be prohibited, and the land 
used for agriculture, public parks etc. One would expect private land owners affected by this 
to ask for compensation for the land. If a land owner is not willing to sell, many countries 
have systems for expropriation, where the land owner is forced by law to sell the land to the 
authorities for a certain price (most countries are unwilling to use expropriation, except from 
in extreme situations). In many regions, the coastal zone is densely populated, and hold main 
industries (fisheries, tourism) closely linked to and located along the shoreline. In these 
situations, prohibiting development along the shoreline means relocating large groups of 
people, as well as creating massive problems for important industries. The consequences of 
using this measure must be carefully considered, preferably through an Impact Assessment or 
an Environmental Impact Assessment (which is recognised among professional planners and 
in planning systems worldwide). Other alternatives must be considered.  
 
If development is not totally prohibited in a zone or area, one could through land use 
regulations in a master plan decide that vulnerable activities, such as schools, hospitals, dense 
housing, or hotels, are not allowed located in the most hazard prone areas. The same goes for 
location of important facilities (fire stations, electric support systems), hazardous facilities 
(fuel storage tanks) and important infrastructure (main roads etc.). One must, of course, 
consider all kinds of hazards when discussing location of such (all) activities.  
 
Another possibility is to link criteria to development in certain zones. In tsunami hazard zones 
this could be:  

• minimum height above flood level (e.g. tsunami run up) for sleeping areas, habitable 
space, uppermost floors or accessible roofs  

• internal vertical escape routes within the building 
• maximum distance to safe place (escape hill, safe house) 
• structures built should withstand the forces of a design tsunami 
• restricting materials which if tore loose by a tsunami may become dangerous floating 

debris 
• certain risky situations is not allowed (such as basements stores in the inundation 

zone) 
 
These criteria will guide local plans and project planning.  
 
Most countries and local municipalities have some kind of building codes. These can be 
national or local, and special building codes can also be linked to certain zones. Some national 
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systems will include criteria such as those listed above in the building codes, while other 
systems will include them in bylaws linked to master plans or local plans. 
 
The master plan will probably be the right arena for discussing if to implement physical 
barriers to stop, reduce or slow a tsunami, as mentioned above and further discussed below. 
Such constructions are large, long-term, expensive, and they may have several negative 
consequences for the community and the environment, and they should therefore be discussed 
as part of the master planning. Impact Assessments or Environmental Impact Assessments 
should be conducted. In many countries this is statutory. The same goes for larger physical 
projects in order to establish or strengthen networks of escape routes and safe places. 
 
After a natural disaster such as the December 2004 tsunami, the community should assess the 
feasibility of consolidating the lots in an area (e.g. a village), as described in Hwang et al. 
(2005). Without the property boundaries as a hinder, a plan for the village or area could be 
developed that provides better protection against tsunami, in efficient, functional, cost 
effective and even pleasant ways. It is of course necessary to find ways of redistributing the 
land in ways that are considered fair to the land owners involved.  
 
Using the means of master planning for reducing a community’s tsunami risk may be an 
effective and democratic way to meet the challenge of tsunami hazard. Most countries have 
some kind of systems for master planning and use them for achieving various goals and 
values in the community, and risk is a well known phenomenon in this system. The planning 
process is (ideally) democratic and focused on dialogue, the horizon is long term and the 
system is geared to find overall and balanced solutions.  
 
Still, by using master planning in order to regulate land use and physical development in order 
to reduce tsunami risk, there will often be some obstacles and possible negative impacts. 
Legal issues, such as discussions about land ownership, the right of use to land etc. are 
common, especially in developing countries, and will often become pronounced through 
master planning discussions. As mentioned, if the authorities claim land or put restrictions on 
the use of land, private owners will expect to be compensated for their loss. Industries like 
tourism and fisheries (and others) need to be located near the beach or the shore, and it may 
cause practical, economic and social problems to relocate existing businesses, activities and 
people inland. Discussions about who should be listened to when discussing plans for future 
development do often surface during land use planning (one may say that this is one of the 
purposes of master planning). When changing land use, one must always consider how 
deprived groups, the poor and the homeless, are affected by the changes. 

D2.4 Project planning for reduced tsunami hazard 

The master plan regulates the overall, long term physical development in an area. Before 
building housing, schools, industry facilities or something else, a local plan (in many 
countries known as site plans or zoning plans) must be prepared in accordance with the 
framework and criteria of the master plan and the building code.  
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If the authorities have adopted criteria to reduce the tsunami risk, such as those listed above, 
compliance is required before local plans can be approved. Compliance can be achieved in 
several ways. The local plan is the arena for the planners, architects and engineers to find 
ways to reduce tsunami hazard, which is also feasible due to the requested project.  
 
Proper construction and design of new buildings in tsunami hazard areas is one of the most 
important measures in order to reduce loss of lives during a severe tsunami. If the building 
stands during the tsunami, if it has good internal and external vertical escape routes (stairs 
etc.), and if it’s highest accessible level is above tsunami run up level, it can serve as a safe 
house for people in the house as well as for people being near the house, and save their lives 
(Figure D2.2  and Figure D2.3). 
 
Honolulu demands that “habitable space in building structures must be elevated above the 
flood elevation...” (City and county of Honolulu (not dated), Regulations within flood hazard 
districts and developments adjacent to drainage facilities, Sec. 16-11.4, f – 2). Other tsunami 
hazard regions could copy this, demand that sleeping areas must be elevated above maximum 
tsunami run up, or (as a minimum) that the uppermost floor or even the roof (demands roof 
hatches and not to steep roofs) must be situated higher than maximum tsunami run up, and in 
this way serve as a safe house during a tsunami.  
 
 
 

 
Figure D2.2 Internal and external vertical escape routes. 

 

Hmax
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Figure D2.3 Example on town house with balcony accesses. 

Internal and external vertical escape routes are other important design issues in tsunami 
hazard areas, see Figure D2.2. The internal escape routes within the buildings will probably 
be ordinary stairs or ladders, but one must make sure that they are accessible during rising 
water. External vertical escape routes that give people access to safe houses (tall, strong and 
accessible buildings) from outside during rising water is harder to design. The access could of 
course be stairs or ladders that lead to verandas or terraces, but this makes the building 
vulnerable for burglary. Another way may be to build town houses with balcony accesses, see 
Figure D2.3.  
 
It is beyond the scope of this report to go into details on construction of buildings to withstand 
tsunami forces. The basic principles are that the building must be firmly anchored to resist 
floating, the lower walls should be collapsible in order to reduce the forces from the water on 
the building, the columns and the floor slabs must be strong enough to not collapse, the same 
goes for stairs etc. that serve as vertical escape routes. For more detailed information on 
construction of tsunami safe buildings, we refer to other works, such as the building code for 
Honolulu, Hawaii (http://www.co.honolulu.hi.us/refs/roh/16a11.htm) or to Federal 
Emergency Management Agency’s Coastal Construction Manual – Principles and Practices 
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of Planning, Siting, Designing, Constructing, and Maintaining Residential Building in 
Coastal Areas (FEMA 2000). 
 
Other important issues are to avoid materials that can become extremely dangerous debris if 
torn loose during a tsunami (e.g. corrugated plates), to make sure that people are able to reach 
the roof (e.g. through roof hatches) if the building fills up with water, and to avoid very risky 
situations, like locating activities that attracts many people (supermarkets etc.) in basements 
in the inundation zone. In Patong, almost all the people that died during the 2004 tsunami did 
so because they were trapped in a basement supermarket.  
 
In order to reach the minimum height above tsunami run up, the land upon which single 
houses, hotel complexes or groups of houses are located could be elevated, see Figure D2.4. If 
the land is elevated to such a height that the whole building will stay dry during a design 
tsunami, no other precautions need to be taken (design, construction, materials…). The 
elevated land, or the building(s) located upon it, may even serve as a safe place also for 
nearby areas.   
 

 
Figure D2.4 Artificial elevated land to increase tsunami safety. 

 
If groups of houses are planned on the same site, tall, strong and accessible houses, or just 
elevated land areas (escape hills), could be seen as safe houses or safe places, and thus the 
criteria of maximum distance to safe places can be met this way. Such safe houses or safe 
areas could be built under private sector auspices as part of hotel resorts etc., or under public 
sector auspices as public buildings, buildings for rent or common escape hills.  
 
Using design and construction of new buildings or site planning as tsunami mitigation 
measures demand that every development is well planned and designed, and that the 
authorities have a close follow up on all new developments on a detailed level. It must be 
considered if this is likely to happen in the local context. There could also be negative 
consequences to the economy, social life, tourist industry etc., due to more expensive 
buildings, more expensive building control, changes in the aesthetic character of the areas 
affected, people loosing their property (basement supermarkets) etc.   

D2.5 Physical water barriers  

Physical barriers to stop, delay, slow or reduce maximum level of water during a tsunami 
could include different kinds of walls on shore or off shore. On shore this could be artificial 
sand dunes, sea walls, dikes, embankments etc, see Figure D2.5. The walls could be placed 
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between the sea and the village, or they could be built as city walls that surround the city or 
village partly or totally. Off shore, physical barriers could be moles or breakwaters, including 
submerged breakwaters. These kinds of structures are already used for protecting land, built 

structures and boats against tidal waters, tidal waves, storms and monsoons world wide. 
 
Appendix E describes how various physical water barriers will influence the maximum 
tsunami force and water levels on the areas behind the protective walls. In short one may say 
that breakwaters, walls and dikes reduce the force and maximum water levels caused by 
tsunamis, even if the walls are overtopped and even if there are openings in the walls. See 
Appendix E for calculations and a more thorough review of this. 
a) Dike or sand dune 

 
b) Seawall 

 
c) Breakwater 

 
Figure D2.5 Principal sketches of physical water barriers  
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Hideki Ohta et al. describe in a paper to the 2005 International Conference on the 
Geotechnical Engineering for Disaster Mitigation and Rehabilitation how protective walls and 
embankments along the shoreline of Japan have been constructed for more than 100 years, 
and how they have protected villages from several tsunamis (Ohta et al. 2005) (Figure D2.6).  
 
 

 
Figure D2.6 Cross section of protective embankment in Hiro village (Ohta et al. 2005)  

 
Even if walls, breakwaters, dikes etc. protect people and material values from the tsunami 
forces, it will often not be feasible to use these as mitigation measures, since:  

• the structures are long, tall and dominating, and may change the aesthetic qualities of 
a place 

• the walls need a lot of ground space, which will often require the relocating of 
existing activities 

• the walls will affect the functionality of the city, village or area in which they are 
located even if openings in the walls are allowed 

• the large structures may cause environmental problems due to e.g. relocation of sand 
both on and off shore 

• such structures are costly  

D2.6 Developing functional networks of escape routes and safe places  

If a well functioning and efficient warning system is in place, warning and escape are 
probably the best ways of preventing loss of life from a tsunami. This requires among other 
things a well planned and maintained network of escape routes and safe places, which should 
be analysed and assessed in the master plan. A network of escape routes and safe places 
would probably increase the tsunami survival rate, even if an early warning system is not in 
place, is out of function or fails. 
 
Developing functional networks of escape routes and safe places could include a number of 
different measures, strongly dependent on the local context. Through village or city analysis, 
one should decide what the maximum tolerable distance from buildings and activities to a safe 
place is, and how to achieve that all buildings are within this maximum distance. Reduction of 
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distances from buildings to safe areas could be obtained by introducing new or improved 
roads or paths or even elevated escape routes, or by establishing new safe areas as artificial 
escape hills, walls or safe buildings.  
 
Hwang et al. (2005) are in their report presenting an approved village plan for Aceh Besar 
Area, from local architect Andy Siswanto, where a well located escape hill is within 15 
minutes (200 meters) of all residential structures in the village.  
 
The same report points out that many mosques in the Banda Aceh area survived the 2004 
tsunami, and the idea of “escape mosques” has bee proposed in that region. Of course, other 
common, important and long lasting buildings or structures, such as schools, town halls or the 
like, could serve this function as well. Buildings and structures that would be to the benefit of 
both the present and the future community, and which in addition to providing safe area 
against tsunamis also have other specific functions, could have a realistic chance of being 
built by one generation and kept by the following. The architectural history has several 
examples of structures preserved for more than 2000 years. Those structures are mos 
commonly connected to religion (like temples or mosques) or crucial infrastructures like 
water supply, see example in Figure D2.7 
 
If it is decided to build a safe place or structure that shall last for hundreds of years, the focus 
should be on building something that has a social or religious importance. Memorial parks 
and gardens have the potential qualities to be kept and maintained for such a period of time. A 
memorial park on an artificial height for instance placed on top of a water supply or reservoir 
could have the right kind of social importance to be kept for generations. 
 
 

 
Figure D2.7 Roman aqueduct from Segovia, Spain. 
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Other important measures to improve networks of escape routes and safe places could include 
information about escape routes, information signs, intense maintenance of escape routes or 
others.  
 
When assessing warning-and-escape systems, one must always consider the factors chaos, 
escape at night and system failure. 

D2.7 Awareness building  

In the short term perspective of the next few years it is important to take steps to ensure a 
lasting long term awareness of the tsunami risk. That could be through measures like:  
 

• constructing memorials along the coast to remind coming generations of the tsunami 
risk  

• including tsunami risk in school text books and curricula 
• establishing a yearly national natural hazard day 
• including the inundation zone for the last known tsunami in the master plan 
• developing a building code for tsunami risk zones  

 
 

 
Figure D2.8 Protective wall in Hiro village, decorated with pictures telling the story about 

an historic Tsunami event (Ohta et al. 2005) 

 
Ohta et al. (2005) describe various ways of reminding people living in coastal zones in Japan 
about the tsunami risk. That includes for instance protection walls decorated with pictures 
reminding people of the tsunami risk (Figure D2.8). In Thailand, some memorials for the 
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victims of the 2004 tsunami have already been built, see Figure D2.9. Such memorials could 
be important reminders, and could even be built to have the combined intention of being a 
physical protection against tsunamis (walls, elevated escape routes or escape hills) as well as 
memorials.  
 

 
Figure D2.9 A memorial for the victims of the 2004 December, recently built in Thailand  

 
In their paper, Ohta et al describe an event related to a tsunami disaster in a coastal area of 
Japan, and how the primary school children throughout the country learned about it as part of 
their education about tsunamis. Ohta et al. recommend continuous campaigns targeted at 
school children, using booklets that capture children’s imaginations and are easily understood. 
Ohta et al. also describe how a Japanese village reminds itself and educates the young about 
the tsunami hazard by once a year clearing debris etc. from the embankments and walls 
protecting the village.  
 
Including tsunami hazard and mitigation measures in a community’s land use planning, e.g. in 
the building code or by including the inundation line in the master plan, can be seen as long 
term awareness building. Once the tsunami mitigation measures are taken into the land use 
planning system, it takes a deliberate decision to take them out.  
 
D3 RECOMMENDED READING 

Among the literature on land use mitigation measures one work stood out as the main work on 
this topic; the American National Tsunami Hazard Mitigation Program’s “Designing for 
Tsunamis. Seven Principles for Planning and Designing for Tsunami Hazards” (NTHMP 
2001). Even if this work is done in a North American context, it has great value for everybody 
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working with tsunami mitigation measures. “Seven Principles” has been intensively used in 
this report, and is recommended reading for everybody involved in such works. The report 
can be found at 
http://www.oes.ca.gov/Operational/OESHome.nsf/PDF/Tsunamis,%20Designing%20for%20/
$file/DesignForTsunamis.pdf.  
 
If tsunami hazard districts are considering including tsunami mitigation measure in their land 
use planning systems, work already done by e.g. Honolulu, Hawaii could come in useful. The 
Building code (article 11 Regulations within flood hazard districts and developments adjacent 
to drainage facilities) and the Land use ordinance, which both can be found at 
http://www.co.honolulu.hi.us/refs/roh/, may be particularly valuable.  
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E1 “DESIGN” TSUNAMI WAVE CHARACTERISTICS 

Escape hills, escape routes, specially designed buildings, dikes/seawalls and breakwaters may 
be mitigation measures against future tsunamis, ref. Appendix D. Some considerations on 
their effects and design have been made in the following.  
 
The best estimate of the tsunami risk in Thailand for the next 50-100 years is the tsunami 
associated with the M=8.5 earthquake at a critical location on the Sumatra-Andam subduction 
zone. The calculated surface elevation at Patong and Bang Niang are shown in Figures B4.14 
and B4.15 in Appendix B. Figures B4.6 and B4.7 in Appendix B shows similarly the 
calculated surface elevation outside Patong and Bang Niang for the tsunami generated by the 
earthquake of magnitude M=9.3 on 26 December 2004. 
 
The tsunami wave period has some influence on the potential total tsunami overtopping of a 
dike/seawall. Table E1.1 shows the approximate wave periods associated with these waves. 
 

Table E1.1 Approximate tsunami wave maximum surface elevations ηmax and periods T 
associated with the waves shown in Figures B4.6, B4.7, B4.14 and B4.15 in 
Appendix B. 

Earthquake 
magnitude, M 

Patong City Bang Niang 

9.3 ηmax=5.5m, T=50minutes ηmax=8.0m, T=58minutes 
8.5 ηmax=1.8m, T=24minutes ηmax=1.2m, T=22minutes 
 
How does this comply with wave period observations from previous large earthquakes?  
 
Wilson and Tørum (1967) studied the mean period of the three leading tsunami waves from 
the 1964 Alaskan Earthquake (Prince William Sound) as measured at several locations along 
the Pacific Ocean shores. The mean period varied between 1.53 hours and 2.33 hours with 
average 1.79 hours (108 minutes). The Alaskan earthquake was by 1967 evaluated as 
magnitude M = 8.3-8.6, but has later been re-evaluated to M = 9.2, US Geological Survey 
(http://neic.usgs.gov/neis/eqlists/10maps_world.html).  
 
Combining the depth and the source area effects on the tsunami period the calculated period 
for the Sumatra 2004 earthquake is about TSumatra = 0.5 TAlaska, which is in reasonable 
agreement with previous observations. 
 
Another feature about tsunami waves is that it is not necessarily the first wave that has largest 
surface elevation, e.g. the Alaskan tsunami at Crescent City, Oregon, USA. It was speculated 
that the tsunami at Crescent City, with a maximum elevation (run-up) of 6.3 m (third wave), 
was enhanced by semi-resonant motions of the water masses in the bay between Pt. St. 
George and Patrick’s Pt and the continental shelf break. Similar resonance motions in the bay 
outside Patong City or of the shelf outside the coast may perhaps occur, cf. Appendix B. 
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It has been concluded in Appendix C that the risk mitigating measures to be implemented 
within the next 50 to 100 years should be designed for maximum 
water level of 2.5 to 3.0 m above the mean water level (1.5-2.0 m due to tsunami and about 
1.0 m due to possibly high tide). 
 
The long-term (more than100-200 years) risk mitigation measures should protect the exposed 
population from a tsunami similar to the one that occurred on 26 December 2004, i.e. +5.0 – 
12.0 m above MSL.  
 
In the long term a sea level rise due to climate change should also be considered.  
 
E2 MITIGATING MEASURES 

As discussed in Appendix D, there might be different strategies for mitigating measures: 
 

• master planning 
• project planning 
• constructing physical water barriers (dikes/seawalls/breakwaters) 
• developing functional networks of escape routes and safe places 
• awareness building 

 
This Appendix discusses design and studies the effectiveness of physical barriers. 

E2.1 Tsunami wave forces 

The structures indicated in Figure D2.5 of the main report have to withstand the forces from 
the surging tsunami. The water particle velocities are crucial for establishing the tsunami 
wave forces.  This study has not included any detailed calculations of the water particle 
velocities in front of the surging tsunami. However, Wilson and Tørum (1967) state that the 
water particle velocities in the front of a surging tsunami are in the approximate range  
 
u = k·(gds)0.5        (F2) 
 
where ds is the height of the surge level above the land level and k ranges from 1.5 to 2.0. For 
a tsunami of the Sumatra 2004 tsunami in the Bang Nang area with maximum level of 
approximately +10 m at high tide, ds would be approximately 6 m. The water particle 
velocities would then be somewhere in the range 7.9 – 11.2 m/s. 
 
Generally the force for an obstacle, say a column, fully surrounded by water may be set to 
 
F=0.5ρw CD A u2       (F3) 
 
where ρw = mass density of water, CD = drag coefficient, A = the projected area of the 
obstacle normal to the flow. The value of the drag coefficient depends of the form of the 
obstacle, the flow conditions etc., and is generally speaking in the range CD = 1.0 – 2.0. 
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When a surging tsunami hits a building as sketched in Figure E2.1, the force might appear as 
a slamming force with relatively high intensity and short duration as illustrated in Figure 
E2.2. Figure E2.2 shows results of model tests.  

 
Figure E2.1 Tsunami surging against a building. 

 

 
 

Figure E2.2 Surging tsunami force vs. time against a building. Model test results. 
http:/engr.smu.edu/waves/solid.html. 

 
The force time diagram shown in Figure E2.2 is from model tests on buildings. It shows that 
the force is somewhat similar to a slamming force, which frequently occurs from plunging 
breaking waves. The negative tsunami force at time 1.5s is due to tsunami reflections from a 
steep slope somewhat behind the building during the model tests.  
 
If the walls of a building is designed to withstand the tsunami water pressure, their mass or 
anchors has to be designed to also take the upwards force due to the semi-static water pressure  
as indicated by the vertical arrows in Figure E2.3 as well as the horizontal force induced by 
the horizontal pressures  indicated by the horizontal arrows. 

u 
               dsSWL 
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Figure E2.3 Uplift and horizontal pressures from a surging tsunami 

 
Information on tsunami wave forces on particular structures may also be found in Hamzah et 
al. (2000) and Asakura et al. (2002).  

E2.2 Sea dikes – sea walls - breakwaters 

The beach characteristics at Patong City and Bang Niang is that the beach slopes up to an 
elevation of +3.0 m above mean sea level at Patong City and at +4-5 m at Bang Niang. The 
plateaus are rather flat, with some variation, and extend about 1 km inland at both Patong City 
and Bang Niang. All the houses are built on the plateaus in these areas. For a short term M8.5 
“design” earth quake no mitigating measures are thus needed in these areas, except tsunami 
warning systems for people that possibly might be on the beach.  
 
The tsunami at the fishing village Nam Khem reached much higher, A ≈ 10 m, than at Patong. 
The land is apparently lower at the water front area at Nam Khem than at Patong.  
 
In order to obtain some indications on how physical barriers as dikes/seawalls may effect a 
tsunami larger than the M8.5 “design” tsunami the following calculations have been carried 
out for Patong and Nam Khem. 

E2.2.1 Patong – dike and breakwater 

It is considered a dike/seawall for the Patong City area as sketched in Figure E2.4 for 
overtopping discharge purposes. The dike is considered to be 2700 m long and is assumed to 
be 1.0, 2.0 and 3.0 m high respectively.  
 

 
Figure E2.4 Dike/seawall for the Patong City area, schematically shown for calculations of 

overtopping discharges. MSL = mean sea level. SWL = still water level 

 

               ds
u 

MSL±0 
+3.0 m 

H=+4.0, + 5.0 and 6.0m η = A·sin(ωt) 
d 

h 

1100 m 

    hc

SWL 

SWL 
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Unevenness in the topography of the area behind the dike/seawall, and structures/houses in 
this area are disregarded in these analyses. It is also assumed that the water rises uniformly in 
the whole area behind the dike. As a result of this assumption, the calculated water levels 
behind the dike will be underestimated close to the dike and overestimated far from the dike. 
Liu et al. (2002) describes a more advanced numerical model where the topography of the 
area as well as buildings is included. This requires however accurate and easily access-able 
data of the topography and the houses.  

Patong  - dike without any openings 
 
The time function of the tsunami surface elevation is not precisely known. Video films from 
the 2004 tsunami at Patong City shows that the tsunami breaks and forms an almost vertical 
front as it moves up the beach. For these simplified calculations it is first assumed a 
sinusoidal variation. 
 
The sinusoidal water elevation is given by: 
 

)sin( tA ωη =             (F4) 
where  
η = sea surface elevation above still water 
A = “amplitude” of the wave 
ω = 2π/T 
T = wave period 
 
The discharge over the dike is expressed in Eq. (F5) and (F6). These equations apply strictly 
to steady conditions, e.g. overflow over a dam spillway. However, since the period of the 
tsunami is long, the flow conditions are considered to be semi-steady. 
 

LinghinhCQ 21=  for 
3
2

<
inh

outh                                                       (F5) 

 
LouthinhginhCQ )(22 −=          for  

3
2

>
inh

outh     (F6) 

      
where  
C1 and C2 = coefficient 
hin = height of water surface above the dike/seawall crest before the dike/seawall 
hout = height of  water surface above the dike/seawall crest behind the dike/seawall. 
g = acceleration of gravity 
L = dike length 
 
The value of the coefficient C1 for well designed and rounded spillways is 0.37. Since the 
crest of a dike is not that well rounded the value of C1 is set C1=0.35. The value of C2 is set to 
C2=0.26C1, Liu et al. (2002). In most of the cases we have made calculations for, the Eq. (F5) 
applies. 
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The rise of water behind the dike is expressed as: 

dttAg
t

t
C

F
LdttQ

F
d

2/3
))sin((2

2

1
1)(1 ω∫∫ ==      (F7)   

where  
t1 = time point when the tsunami surface elevation rises above the crest of the dike/seawall 
   = )sin(1

A
ch

Arc
ω

 

t2 = time point when the tsunami surface elevation falls below the crest of the dike/seawall  = 
)sin(1

2 A
ch

ArcT
ω

−   

F = size of the inundated area behind the dike/seawall. 
hc = height of dike crest above the still water level 
 
Eq. (F7) is solved numerically with use of a computer programs written in the MATLAB 
system. The time step Δt has in this case been set to Δt = 10s. The wave period is based on the 
values given in Table 1.  
 
Figure E2.5 and Figure E2.6 show as an example how the water depth increases behind the 
dike/seawall. 

 
Figure E2.5 Patong. Increase of depth behind dike/sea wall for tsunami amplitude A = 6 m 

and tsunami period T = 3000 s (50 minutes). Height of dike hc = 4 m. Dike 
crest location H = +4 m. Still water level ±0 m. 
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Figure E2.6 Patong. Increase of depth behind dike/sea wall for tsunami amplitude A = 6 m 

and tsunami period 3000 s (50 minutes). Height of dike hc = 5 m. Dike crest 
location H = +5 m. Still water level ±0 m. 

 
Calculations have been carried out for tsunami periods in the range T = 2500 – 3600 s and 
tsunami surface elevations A in the range A = 5 - 7 m, dike elevations heights H = +4,+5 and 
+6 m and sea levels ±0 m and +1 m. Figure E2.7 shows the results of various calculations in a 
dimensionless form. There is some apparent scatter in the results, which comes mainly from 
use of different tsunami periods. 
 
For the largest values of d/(A-hc) Eq. (F6) should have been invoked at the end of the tsunami 
overflow. However, this has not been done which is considered to be insignificant compared 
with other uncertainties in the calculations. 
 
In case of overtopping there will be large water velocities in the vicinity with a potential of 
scour and other damages. 
 
As mentioned the tsunami may break and has then a different elevation vs. time relation than 
the non-breaking tsunami. It is hard to estimate exactly the elevation – time relation for a 
breaking tsunami. For overtopping discharge calculations Figure E2.8 shows the assumed 
form of the breaking tsunami. The front is assumed to be vertical. Figure E2.9 shows the 
water elevation behind the dike for this breaking wave. Compared to Figure E2.6 there is not 
any significant difference between the non-breaking and breaking tsunami case.  
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Figure E2.7 Dimensionless maximum water depth behind the dike shown in Figure E2.4 for 

tsunami overflow. 

 
 

 
Figure E2.8 Patong. Breaking and non-breaking tsunami. 
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Figure E2.9 Patong. Breaking tsunami.  Increase of depth behind dike/sea wall for tsunami 

amplitude A = 6 m and tsunami period 3000 s (50 minutes). Height of dike hc = 
5 m. Dike crest location H = +5 m. Still water level ±0 m. 

Patong  - dike with openings 
 
It has also been considered a dike with 10 openings for passage by people, each 2.5 m wide to 
also facilitate vehicles to drive to the beach for different purposes, Figure E2.10. It is first 
assumed that the dike is so high that it is not overtopped by the tsunami, but the case when the 
dike is overtopped as indicated in Figure E2.10 will be commented upon. 
 
Eq. (F5) was used to calculate the increase of water depth behind the dike by water flowing 
through the openings. The result is shown in Figure E2.11. Although the calculations are 
approximate, they show that there will be limited discharge through the openings and it will 
not have any significant effect on the total discharge in case where the dike is significantly 
overtopped as indicated in Figure E2.10.   
 
There will be a jet-like water discharge through the openings with a potential of scour and 
other damages. Measures against such damages will be discussed later. 
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Figure E2.10 Dike with 10 openings, each 2.5 m wide. Total dike length L = 2700 m.  

 
Figure E2.11 Water depth increase behind the dike due to 10 openings, each 2.5 m wide. 

SWL +1.0m, dike height  hc = 7.0 m (no overtopping), wave period T=3000s, 
tsunami amplitude A=6m. Only flow through the openings is considered. 

MSL±0 
+3.0 m 

H=+4.0 and + 5.0 η = A·sin(ωt) 
d 

h 

1100 m 

    hc

2.50 m

Elevation 

SWL 

Plan 
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Patong - breakwater along the coast 
 
Appendix D discusses the use of break waters. Such structures are costly and can impact on 
coastal processes. The tsunami mitigating effect of such a structure outside Patong City as 
sketched in Figure E2.12 has been assessed briefly.   

 
Figure E2.12 Potential breakwater along the Patong City beach, approximately 1 km off 

coast, with a 100 m wide opening. The indicated ηmax,outside and ηmax,inside are for 
a tsunami amplitude of 6 m. 

 
The water depth behind the breakwater is given by: 

dth
t

hg
F

avhWt
dhdh

5.0
))2

0
1(2(

0
2 −∫

⋅
=∫+=      (F8) 

Where F = area behind the breakwater, set to F = 3km2, W = width of gap, hav = average depth 
on the inside of the breakwater, h1 = d + A·sin(ωt), d = still water depth    
 
Eq. (F8) has been solved numerically with use of a computer program written in the 
MATLAB system. The time step Δt has in this case been set to Δt = 10s. 
 
It has been assumed that the tsunami surface elevation is A sin(ωt). The wave period is based 
on the values given in Table 1. The effective discharge area will also vary with time, but for 
simplicity we have assumed that it to be constant = W·hav, hav = 7.0m and W = 100m. 
 
Figure E2.13 shows the water surface elevation outside and behind the breakwater for tsunami 
surface elevation A=6.0 m and T = 3000 s. Figure E2.13 shows that hav = 7.0 m is a 
reasonable assumption.   
 
While the tsunami maximum water elevation outside the breakwater is 6 m, the maximum 
tsunami generated water elevation behind the breakwater is 2.3 m. Thus the tsunami is 
considerably damped by the breakwater and is apparently an effective mitigating measure. 
However, it has its disadvantages by, may be, being fairly expensive and by may be blocking 
the site towards the sea from the beach. Other disadvantages are related to the breakwater 

  W = 100 m 

A·sin(ωt) Δh 

ηmax,outside 

d=6 m 

ηmax,inside 
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     h1    h2 
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cutting off ocean waves from entering the beach and potentially influencing coastal processes. 
To what extent a breakwater will increase the pollution in the basin behind the breakwater 
also has to be considered.  
 
The crest of the breakwater has to be at least the maximum surface elevation of the design 
tsunami. But even a crest height of 10 m is not unusual for breakwaters. Such a breakwater 
would be an effective mitigating measure for severe tsunamis.  
 

 
Figure E2.13 Patong City. Water surface elevation behind a breakwater with 100 m gap as 

shown in Figure E2.12.  Area behind breakwater 3 km2. T = 3000 s (50 min). 
Tsunami “amplitude A = 6 m. Still water depth 6.0 m. No overtopping of the 
breakwater. 

 
Dike/seawalls and breakwaters are considered impractical and costly along the Khao Lak 
coast, including the Bang Niang area, since they would have to run for may be 12-14 km 
along the coast to give effective protection of the many tourist resorts in the area. 

E2.2.2 Nam Khem - dike 

Figure E2.14 shows the fishing village with the master plan proposal. In addition a dike/sea 
wall of 8 m height is also indicated. The master plan includes an artificially constructed 
escape hill with public areas and a water cistern. The sea wall, which is approximately 4800 
m long, is in this case considered to see the mitigating effect it might have on a severe 
tsunami. There has to be openings in the sea wall and 24 openings have been proposed, 
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approximately 200 m apart. The water elevation inside the sea wall has been calculated for 
openings 10 and 3 m wide. 
 

 
Figure E2.14 Nam Khem with the proposed mitigating escape hill and an 8 m high sea wall. 

The scale is indicated by the arrow length corresponding to approximately 1 
km. 

 
There is limited information on the detailed topography inside the suggested wall. But from 
the map on Figure E2.14 and another preliminary map, a crude estimate of the water table 
area as a function of elevation inside the sea wall has been estimated as shown in Figure 
E2.15. The “Calculated” values are those obtained by figuring from the maps. To obtain 

1 km 
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analytical functions, which make the calculations easier, the “Calculated” values have been 
curve fitted to a 2nd order polynomial. 
 
The fit is satisfactory for the lower water surface levels and not so good for the higher 
elevations. It is mostly the lower levels that are important for the calculations and thus no 
further fitting was attempted. 
 
In the calculations the volume behind the sea wall is needed as a function of the water 
elevation. The volume is obtained by integration: 

∫=
h

dhhFVol
0

)(
        (F9) 

where F(h) = area, h = water level elevation 
 
Figure E2.16 shows the volume as a function of the water elevation behind the sea wall. 

 
Figure E2.15 Nam Khem. Water surface area behind sea wall as a function of water level 

elevation in relation to the lowest point inside the sea wall. 
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Figure E2.16 Nam Khem. Volume of water behind the sea wall as a function of water level in 

relation to the lowest point inside the sea wall. 
 

The volume is again approximated with a 2nd order polynomial fit. The volume is given by: 
45.3692123248203 −+= hhVol      (F10) 

 
with Vol in m3 when h in meters. 
 
The calculation of the water level rise is done numerically with time steps Δt = 10 s with the 
following equation (for notations see Eq. (F7)): 

dttAg
t

t
CLdttQVol

2/3
))sin((2

2

1
1)( ω∫∫ ==     (F11) 

with consecutively updating  h as a solution to the equation: 
 

0)45.3(692123
2

48203 =+−+ Volhh     (F12) 
 
Figure E2.17 shows the calculated water elevation behind the sea wall with height hc = 8 m 
above still water level and for a tsunami amplitude of A =  9 m and tsunami period of T = 
3000 s (50 min) and no openings in the sea wall (unrealistic). 
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Figure E2.17 Nam Khem. Water depth behind dike with no openings. Dike crest height hc = 8.0 m 

above still water level. Tsunami amplitude A = 9.0 m, period T = 3000 s. 

 
Figure E2.18 shows the calculated water elevation behind the sea wall with 24 openings, each 
10 m wide, for a tsunami amplitude of A =  8 m and a tsunami period of T = 3000 s (50 min) 
and no overtopping of the dike. 
 

 
Figure E2.18 Nam Khem. Water depth behind sea wall with 24 openings, each 10 m wide. Opening 

“crest” at 1 m above still water line. Sea wall crest at hc = 8 m above still water level. 
Tsunami amplitude A = 8.0 m, and period T = 3000s. No overtopping of the dike. 
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Figure E2.19 shows a similar figure for 24 openings, each 3 m wide. 
 

 
Figure E2.19 Nam Khem. Water depth behind sea wall with 24 openings, each 3 m wide. 

Opening “crest” at 1 m above still water line. Sea wall crest at hc = 8 m above 
still water level. Tsunami amplitude A = 8.0 m, and period T = 3000s. No 
overtopping of the dike. 

 

 
Figure E2.20 Nam Khem. Water depth behind sea wall with 24 openings, each 3 m wide. 

Opening “crest” at 1 m above still water line. Sea wall crest at hc = 8 m above 
still water level. Tsunami amplitude A = 6.0 m, and period T = 3000s. No 
overtopping of the dike. 
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Water table elevation behind the dike has been calculated for a tsunami with amplitude A = 
6.0 m and period T = 3000 s for 24 openings, each 3 m wide, but with no overtopping. Figure 
E2.20 presents the calculation results 
 
The water level elevation behind the dike when the flow is both through the 24 m openings, 
each 3 m wide, and over the dike is shown in Figure E2.21. 
 

 
Figure E2.21 Nam Khem. Water depth at lowest ground elevation behind the dike when the 

water is flowing through 24 openings, each 3 m wide, and over the dike. Dike 
crest height hc = 8 m above still water level, opening “crest” at 1 m above still 
water level. Tsunami amplitude A = 9.0 m, period T = 3000 s. “Openings” is 
for openings alone with no overtopping, “Overflow” is for flow over the crest 
only and “Sum” is for the combined effect of both flow through the openings 
and flow over the crest. The tsunami elevation outside the dike is also shown. 

 
The “Sum” in Figure E2.21 has been calculated by adding the “Openings” and the 
“Overflow”. This is strictly speaking only valid when the area behind the dike is flat, but is 
not valid when the area behind the dike is hilly. The adding procedure gives a slightly higher 
water depth behind the dike than the adding procedure, which is confirmed by using the 
diagram of Figure E2.16 to obtain the volumes from the calculated water level elevations for 
the “Openings” and “Overflow” and subsequently the water elevation from the sum of the 
“Openings” and “Overflow” volumes. 
 
It is obvious that 24 openings, each 10 m wide do not mitigate the effect of a major tsunami 
significantly. Openings should be kept as small as possible. 3 m wide openings will mitigate 
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the effects of a tsunami that do not overtop the dike. If the tsunami overtops the dike with 
only 1 m the mitigating effect is significantly reduced. 
 
E3 DESIGN ASPECTS 

There is little specific information on the design of breakwaters, dikes or sea walls against 
tsunami waves. There is however much information on the design of breakwaters, dikes and 
sea walls against ordinary storm waves and storm surges, e.g. ISO/DIS 21650 (2005). During 
the preparation of ISO/DIS 21650 (2005) it was discussed to include actions from tsunamis, 
but it was felt that there are not enough research results available yet to include the actions 
from tsunamis. However, the information in ISO/DIS 21560, and manuals for design of 
coastal structures, should be used as a starting point for design of breakwaters, dikes or sea 
walls as tsunami mitigating measures. 
 
Mostly sea dikes and sea walls are designed with heights to have no overflow, taking into 
account waves and storm surges with small probability of occurrence.  Only some spray and 
splash from storm waves are accepted. One may, for different reasons, want to design sea 
walls/dikes as mitigating measures against tsunami waves for some overflow for seldom 
occurrences.  
 
The dike configurations shown in Figure E2.4 and Figure E2.10 are schematic for water 
discharge calculations. However one should keep in mind that when the water is overtopping 
the dike or the water flow through the openings, the water depth at the dike is larger than 
those calculated. The main reasons for this are the simplifying assumptions of (a) the 
sinusoidal tsunami wave form, and (b) the uniformly rising water level behind the dike.  
 
The water velocities in the vicinity of the dike will be high and the water will have a scour 
and other damaging potential.  Figure E3.1 shows a proposed design for Patong City that 
takes these issues into account. A similar design, but with other elevations, may also possibly 
be used at Nam Khem.  
 
The idea with the stilling basin, which is frequently used below flood discharge sections in 
reservoir dams on fluvial river beds, is to take out energy of the overflowing water through 
increased turbulence in the water. Behind openings in the dike, where a jet-like water flow 
will occur, it is proposed to raise the level of the stilling basin rear wall to +5 m.  
 
The bottom of the stilling basin may be used as a pedestrian and bicycle path. The width 
should be at least such that vehicles that occasionally need to go to the beach may drive along 
this path. Eventually the stilling basin may be widened to also include the road which is 
indicated on the inside of the stilling basin in Figure E3.1. 
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Figure E3.1 Patong City. Proposed sea dike design.  HWL = high water level. 
 
A final design of such a wall has to be based on further studies, which also may have to 
include hydraulic model tests to study the efficiency of the stilling basin and the elevated 
walls behind potential openings.  
 
A concrete structure similar to a concrete dam is probably the best type of structure for a dike 
designed for overflow. In case an earth structure/rock fill dam should be considered the 
knowledge we have on the requirement to stone size for the stability of the down stream side 
of a rock fill dam in case of overtopping may be of interest.  
 
Tørum (1994) derived a formula for the necessary stone weight on the downstream slope of a 
rock-fill dam if it is overtopped: 
 

 2
3

cos
3

)1(

2
sin

50 q

w
sg

sfKQ
α

ρ
ρ

αρ

−
=

     (F9) 

 
where  
 
Q50 = median mass of the stones 
g    = acceleration of gravity 
Kf  = coefficient, experimentally determined = 33.4 
q   = discharge over the dam per unit length of the dam 
ρs   = mass density of the stones 
ρw = mass density of water 
α  = slope angel of the downstream side of the dam 
 

 
+3.0 m 

+ 7.0 m (+6.0 m)

Possible earth work with 
grass covers for the 
concrete dike 

+ 1.0 m, HWL 

+4.0 

+5.0 behind openings 

 
Gravity 
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dike 

Concrete 
stilling basin 
used as 
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and bicycle 
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Road
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By this formula the necessary stone weight on the down stream slope of an overtopped dike 
with downstream slope of 1:3 or α = 18.30 will be as given in Table E3.1. These results give 
an indication for what is required of the stone mass to be stable on the downstream side of an 
overtopped dike. However, there are other designs that also should be considered (asphalt 
and/or grass cover). 
 

Table E3.1 Necessary stone weight on the down stream slope of a dike for different 
overtopping heights 

 
Overtopping height, h, m Median stone size, Q50, kg 

1.0 600 
2.0 2200 
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F1 PROJECT ORGANISATION 

The study was undertaken by a consortium of experts from several Norwegian institutions led 
by NGI. The experts and the institutions that carried out the study are as follows: 
 
Name Institution 
Kjell Karlsrud Norwegian Geotechnical Institute (NGI), Oslo, 

Norway 
Hilmar Bungum Norwegian Seismic Array (NORSAR), Kjeller, 

Norway 
Conrad Lindholm NORSAR 
Carl Harbitz NGI 
Finn Løvholt NGI 
Sylfest Glimsdal  
Farrokh Nadim International Centre for Geohazards (ICG), Oslo, 

Norway  
Birger Heyerdahl Birger Heyerdahl Sivilarkitekter as 
Aud Tennøy Norwegian Institute for Urban and Regional 

Research (NIBR), Oslo, Norway 
Alf Tørum Professor II emeritus, Marine Civil Engineering 

Division, Norwegian University of Science and 
Technology (NTNU), Trondheim, Norway 

Bjørn Vidar Vangelsten NGI 
Oddvar Kjekstad NGI 

 
Additional work has also been carried out by: 
 
Name Institution 
Kuvvet Atakan Department of Earth Science, University of 

Bergen (UiB), Norway 
Mathilde B. Sørensen Department of Earth Science, UiB 
Lisa McNeill National Oceanography Centre, Southampton 

(NOC), UK 
Tim Henstock NOC 
Francois Schindelé  
Peter Gauer NGI 
Geir Pedersen Department of Mathematics, University of 

Oslo, Norway 
Sverre O. Bjørdal SINTEF - Coast and Harbour Research 

Laboratory, Trondheim, Norway 
Øivind A. Arntsen Marine Civil Engineering Division, NTNU  
Thomas Glade Department of Geography, University of Bonn 

 
The project group was organised as shown in Figure F1.1.
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Figure F1.1 Project Organisation 
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G1 LIST OF PARTICIPANTS 1ST ADVISORY PANEL MEETING 

Advisory Panel Meeting – Tsunami Risk Reduction Measures 
4 July 2005, Metropole Hotel 

Phuket, Thailand  
 

Name Position / Address 

Technical Executing Organization (TEO) 

1) Mr. Kjell Karlsrud Technical Director 
Norwegian Geotechnical Institute (NGI) 
Sognsveien 72 (street address) 
P.O. Box 3930 Ullevaal Hageby 
N-0806 Oslo, NORWAY 
Tel: (47-22) 023011, Mobile: (47-90) 509808 
Fax: (47-22) 230448 
E-mail: Kjell.Karlsrud@ngi.no  
Website: www.ngi.no 

2) Dr. Farrokh Nadim Director of International Center for Geohazards (ICG)  
Norwegian Geotechnical Institute (NGI) 
P.O. Box 3930 Ullevaal Stadion  
NO-0806 Oslo, NORWAY 
St. Add: Sognsveien 72, NO-0855 Oslo, NORWAY 
Tel: (47-22) 023047, Mobile: (47-97) 549957 
Fax: (47-22) 230448 
E-mail: farrokh.nadim@ngi.no 

3) Dr. BjØrn Vidar Vangelsten Senior Engineer 
Norwegian Geotechnical Institute (NGI) 
P.O. Box 3930 Ullevaal Stadion  
NO-0806 Oslo, NORWAY 
St Add: Sognsveien 72, NO-0855 Oslo, NORWAY 
Tel: (47-22) 023009, Mobile: (47-99) 254275  
Fax: (47-22) 230448 
E-mail: bvv@ngi.no or bjorn.vidar.vangelsten@ngi.no   

4) Mrs. Aud Tennoy Researcher  
Norwegian Institute for Urban and Regional Research 
(NIBR) 
Gaustadalleen 21, P.O. Box 44 Blindern 
NO-0313 Oslo, NORWAY 
Tel : (47-22) 958887, Fax : (47-22) 607774 
E-mail : aud.tennoy@nibr.no 

Advisory Panel 

1) Mr. Anupong Sa-nguannam President 
Phang Nga Tourism Business Association 
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Name Position / Address 

Tel: (66-76) 420111 to 14, Fax: (66-76) 420118 
Mobile: (66-1) 5375555 

2) Mr. Chatre Leejia Khuk Khak District Administration Organization 
22 Moo. 4, T. Khuk Khak, A. Takuapa 
Phangnga 
Tel: (66-76) 420446, Fax: (66-76) 420446 

3) Mr. Chainarong Maharae Bang Muang District Administration Organization 
Moo. 1, T. Bangmuang, A. Takuapa,  
Phangnga  
Tel: (66-76) 446448, Fax: (66-76) 446448 

4) Mr. Chairat Sukban Patong Municipality Administration Organization 
Mobile: (66-1) 8916250 

5) Mr. Pichai Intraraksa Engineer  
Phang Nga Office of Disaster Prevention and Mitigation 
56/13 Moo. 3, T. Tumnumpud, A. Muang, 
Phangnga  
Tel: (66-76) 412526, Fax: (66-76) 412526 

6) Mr. Prawit Chongsai Engineer  
Phuket Office of Disaster Prevention and Mitigation 
129/1 Moo. 4, T. Srisuntorn, A. Tarang,  
Phuket  
Tel: (66-76) 273019-20, Fax: (66-76) 273023 

7) Ms. Siriporn Tanboot Environmental Officer  
Phuket Provincial office of Natural Resources and 
Environment 
478 Phuket Rd., T. Taladyai, A. Muang, Phuket 
Tel: (66-76) 211067, Fax: (66-76) 211067 
E-mail: phuketenvioffice@yahoo.com 
phuket@monre.go.th 

8) Mr. Sithi Tandawanitj President 
Southern of Thailand Hotel Association 
Tel: (66-76) 215050, Fax: (66-76) 215990 

9) Mr. Sombat Poovachiranon Marine Biologist  
Marine Biological Center, DMCR 
P.O. Box. 60, Phuket 83000  
Tel: (66-76) 391128, Fax: (66-76) 391127 
E-mail: pmbc@loxinfo.co.th 

10)  Mr. Suwat Bunchanawiwat Patong Municipality Administration Organization 
T. Patong, Phuket 83150 
Tel: (66-76) 342630, Fax: (66-76) 344255 

11)  Ms. Oranuch Nudang Phang Nga Provincial Administration Organization 
Tel: (66-76) 411402, Fax: (66-76) 411402 
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Name Position / Address 

Department of Mineral Resources (DMR), Thailand 

12) Dr. Tawsaporn Nuchanong 
    
    

  
 

Deputy Permanent Representative of Thailand to CCOP 
Director, Geological Resource Conservation and 
Management Division 
Tel: (66-2) 202 3930, Fax: (66-2) 644 8781 
E-mail: tawsapon@dmr.go.th  

13) Mr. Pracha Kuttikul  Geologist  
Geological Resource Conservation and Management Division 
Tel: (66-2) 2023931, Fax: (66-2) 6448781 
E-mail: pracha@dmr.go.th 

14) Mr. Somchai Rucha-Chasaswong Geologist  
Tel: (66-2) 2023922, Fax: (66-2) 2023927 
Mobile: (66-7) 0992315 

15) Mr. Somsak Wathanaprida  
 

Geologist  
Tel: (66-2) 2023915, Fax: (66-2) 2023927  
E-mail: somsakdmr@yahoo.com  

16) Ms. Siraprapa Chatprasert  
 

Geologist 
Tel: (66-2) 2023918, Fax: (66-2) 2023927 
E-mail: sirpim@hotmail.com 
 
Department of Mineral Resources (DMR)  
Ministry of Natural Resources and Environment 
75/10 Rama VI Road, Ratchathewee 
Bangkok 10400, THAILAND 
Website:  http://www.dmr.go.th  

CCOP Technical Secretariat 

1) Mr. Chen Shick Pei 
 

Director 
E-mail: spchen@ccop.or.th   
 

2) Dr. Young-Soo Park Regional Expert 
E-mail: yspark@ccop.or.th  
 

3) Ms. Marivic P. Uzarraga IT and Database Manager  
E-mail: vic@ccop.or.th  
 
CCOP Technical Secretariat  
24th Floor, Room 244-245, Thai CC Tower 
889, Sathorn Tai Road, Sathorn,  
Bangkok, 10120, THAILAND 
Tel: (66-2) 6723080 to 81,Fax: (66-2) 6723082 
Website: www.ccop.or.th  
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G2 LIST OF PARTICIPANTS 2ND  ADVISORY PANEL MEETING 

 
2nd Advisory Panel Meeting 

Tsunami Risk Reduction Measures with focus on Landuse and Rehabilitation  
6 December 2005, Phuket, Thailand 

 (as of 21/12/05) 
NAME POSITION / ADDRESS 

DISTINGUISHED GUEST 

1) Mr. Somsak Potisat  Chairman, CCOP Steering Committee  
Permanent Representative of Thailand to CCOP  
Director-General, Department of Mineral Resources 
(DMR), Ministry of Natural Resources and 
Environment 
Rama VI Road, Ratchathewee 
Bangkok 10400, Thailand 
Tel: (66-2) 640 9470, Fax: (66-2) 640 9471 
E-mail: somsak@dmr.go.th 
Website:  http://www.dmr.go.th 

TECHNICAL EXECUTING ORGANIZATION (TEO) 

1) Mr. Kjell Karlsrud Technical Director 
Norwegian Geotechnical Institute (NGI) 
Sognsveien 72 (street address) 
P.O. Box 3930 Ullevaal Hageby 
N-0806 Oslo, NORWAY 
Tel: (47-22) 023011, Mobile: (47-90) 509808 
Fax: (47-22) 230448 
E-mail: Kjell.Karlsrud@ngi.no  
Website: www.ngi.no 

2) Dr. Carl Bonnevie Harbitz Norwegian Geotechnical Institute (NGI) 
Postboks 3930 Ullevål Stadion, N-0806 Oslo,  
Norway 
Tel : (47-22) 023091 
E-mail: Carl.Bonnevie.Harbitz@ngi.no 
Website: www.ngi.no 

4) Mr. Hilmar Bungum NORSAR  
P.O. Box 53, N-2027 Kjeller, Norway 
Tel : (47 63) 805934 
E-mail: hilmar.bungum@norsar.no 
Website: www.norsar.no 
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NAME POSITION / ADDRESS 

5) Mr. Birger Heyerdahl Heyerdahl Arkitekter AS, Hammerg. 12, N-0465 Oslo, 
Norway 
Tel: (47 22) 950039 
E-mail: bh@arkh.no, Website: www.arkh.no 
 
 
 
 

ADVISORY PANEL 

17) Mr. Sombat Poovachiranon Marine Biologist  
Marine Biological Center 
Phuket Marine Biological Center (PMBC) 
P.O. Box. 60, Phuket, 83000  
Tel: (66-76) 391128, Fax: (66-76) 391127 
E-mail: pmbc@loxinfo.co.th 

18) Mr. Suchin Khantisomboon  Geographer and Remote Sensing  
Department of National Park Wildlife and Plants 
Conservation  
61 Phaholyothin Rd., Chatuchak, Bangkok, 10900 
Tel: (66-2) 5799484, Fax: (66-2) 5799484  
E-mail: Khan_su@hotmail.com  

19) Dr. Schwann Tunhikorn  Deputy Director General  
National Park, Wildlife and Plant Conservation 
Department 
61 Phaholyothin Rd., Ladyaow, Chatuchak, Bangkok, 
10900 
Tel: (66-2) 9406482, Fax: (66-2) 9406482 
E-mail: ddg_technical@dnp.go.th  

20) Mr. Kittipong Apichatmaetee  Dive Master  
Marine National Park Operations Center  
92/7 Moo 5, Maikao, Thalang, Phuket 
Tel: (66-76) 352006, Mobile: (66-1) 6120457, 
Home Tel: (66-38) 511970, Fax: (66-76) 352006 
E-mail: a_kittipong@hotmail.com  

21) Mrs. Saisanom Lugtong  Planning and Policy Analysis  
Research and Development Sub-Bureau 
Research and International Cooperation Bureau 
Department of Disaster Prevention and Mitigation 
3/12 U-Thong Nok Rd., Dusit, Bangkok, 10300 
Tel: (66-2) 2432199, Mobile: (66-1) 9397549 
Fax: (66-2) 2432199 
E-mail: saisanom95@hotmail.com, 
research@disaster.go.th  
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NAME POSITION / ADDRESS 
22) Ms. Chantana 

Putimongkolcharoan 
Planning and Policy Analysis 
Department of Disaster Prevention and Mitigation 
3/12 U-Thong Nok Rd., Dusit, Bangkok, 10300 
Mobile: (66-6) 3268818 
E-mail: kobstat@yahoo.com  

23) Mr. Arun Pinta Foreign Relation Officer 
Department of Disaster Prevention and Mitigation 
3/12 U-Thong Nok Rd., Dusit, Bangkok, 10300 
Mobile: (66-1) 8629801 
E-mail: arunpinta@yahoo.com  

24) Ms.Yupaporn Boontid Monitoring and Evaluation Officer 
Sustainable Development Foundation 
86 Soi Ladprao 110 “Yeak 2” 
Ladprao Road, Wangthong-lang, 
Bangkok 10310, Thailand 
Tel: (66-2) 9352983-4, Mobile: (66-9) 9449809  
Fax: (66-2) 9352980, E-mail: byupaporn@yahoo.com  
Website: www.sdfthai.org  

25) Mr. Pichai Intraraksa Engineer  
Phang Nga Office of Disaster Prevention and 
Mitigation 
56/13 Moo. 3, T. Tumnumpud, A. Muang, 
Phangnga  
Tel: (66-76) 412526, Fax: (66-76) 412526 

26) Mr. Damri Sangsarb  Chief of Prevention and Operation Division  
Phuket Provincial of Disaster Prevention and 
Mitigation 
29/1, Damrong Rd, A. Muang, Phuket , 83000 
Tel: (66-76) 218444, Mobile: (66-1) 8986401 
Fax: (66-76) 218409 
E-mail: khuketdisaster@yahoo.com  

27) Ms. Oranuch Nudang Vice Chief  
Phang Nga Provincial Administration Organization 
Petchkasem Rd., A. Muang, Phang Nga, 82000  
Tel: (66-76) 414363, Mobile: (66-6) 9611079 
Fax: (66-76) 411370 

28) Mr. Chairat Sukkaban Deputy Mayor  
Patong Municipality  
12/3 Ratpatanusorn Rd., T. Patong, A. Kathu,  
Phuket, 83150 
Tel: (66-76) 342694, 344275 Ext. 114 
Mobile: (66-1) 8916256 
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NAME POSITION / ADDRESS 

29)  Mr. Suwat Boonchanawiwat Director of Division of Public Works  
Patong Municipality  
12/3 Ratpatanusorn Rd., T. Patong, A. Kathu,  
Phuket 83150 
Tel: (66-76) 342630, Mobile: (66-1) 9708853 
Fax: (66-76) 344255 

30) Mr. Anupong Sa-nguannam President  
Phang Nga Tourism Business Association 
59 Moo 5, Khukhak, Takuapa, Phang Nga, 82190 
Tel: (66-76) 420185, Fax: (66-76) 420190 
Mobile: (66-1) 5375555 
E-mail: palm_as1@hotmail.com  

31) Mr. Tan Chee Kiong  Chairman 
Royal Crown Hotel & Palm Spa 
31 Nanai Rd., Patong Beach, Phuket 83150 
Tel: (66-76) 340274, 340975-8, Mobile: (66-1) 
8918181 
Fax: (66-76) 340376 
E-mail: info@royalcrownphuket.com  
Website: www.royalcrownphuket.com  
 
 

DEPARTMENT OF MINERAL RESOURCES (DMR) 

32) Dr. Tawsaporn Nuchanong Director, Geological Resource Conservation and 
Management Division 
Tel: (66-2) 2023930, Fax: (66-2) 6448781 
E-mail: tawsapon@dmr.go.th 

33) Mr. Niran Chaimanee 
 

Senior Geologist 
Mineral Resources Information Center 
Tel: (66-2) 2023915, Fax: (66-2) 2023927 
E-mail:  niran@dmr.go.th,            
niran_chaimanee@yahoo.com 

34) Mr. Pracha Kuttikul Geologist, Geological Resource Conservation and 
Management Division 
Tel: (66-2) 2023932, Fax: (66-2) 6448781 
E-mail: pracha@dmr.go.th 

35) Mr. Somsak Wathanaprida Geologist  
Tel: (66-2) 2023915, Fax: (66-2) 2023927 
E-mail: somsakdmr@yahoo.com  

36) Ms. Darunee Jenjai 
 

Geologist, Geological Resource Conservation and 
Management Division 
Tel: (66-2) 2023940, Fax: (66-2) 6448781 
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NAME POSITION / ADDRESS 
E-mail: darunee@dmr.go.th 
 
Department of Mineral Resources (DMR)  
Ministry of Natural Resources and Environment 
75/10 Rama VI Road, Ratchathewee 
Bangkok 10400, THAILAND 
Website:  http://www.dmr.go.th 

CCOP TECHNICAL SECRETARIAT  

1) Mr. Chen Shick Pei 
 

Director 
E-mail: spchen@ccop.or.th   

2) Dr. Young-Soo Park Regional Expert 
E-mail: yspark@ccop.or.th  

3) Ms. Marivic P. Uzarraga IT and Database Manager  
E-mail: vic@ccop.or.th  

4) Ms. Peerada Srisomboon Assistant to Technical Division  
E-mail: ann@ccop.or.th  
 
CCOP Technical Secretariat  
24th Floor, Room 244-245, Thai CC Tower 
889, Sathorn Tai Road, Sathorn,  
Bangkok, 10120, THAILAND 
Tel: (66-2) 6723080 to 81,Fax: (66-2) 6723082 
Website: www.ccop.or.th  

 
 
 
G3 MINUTES OF ADVISORY PANEL MEETING 1 

Tsunami Risk Reduction Measures with Focus on Land use and Rehabilitation 
4 July 2005, The Metropole Hotel 

Phuket, Thailand 
 
 

Agenda  
     
 Hrs 
1. Welcome and introduction of participants- Mr Somsak Potisat, 
Chairman CCOP Steering Committee, Director General,  Department of 
Mineral Resources, Thailand or his representative,  Chen Shick Pei/CCOP  

0900 -0930 
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2. Presentation of the overall program- including knowledge transfer 
through on-the-job training- Kjell Karlsrud/NGI    
 a) General Background  
 b) Outline of activities 
 c) Budget and financing 
 d) Time schedule 

0930- 1030 

3. Coffee break 1030-1045 
4. Approach to earthquake and risk assessment- Farrokh Nadim, NGI 1045-1130 
5. Tsunami analyses and preventive measures- Kjell Karlsrud, NGI 1130-1200 
6. Lunch break 1200-1300 
7. Approach to developing re-construction plans- Aud Tennøy, NIBR 1300-1330 
8. Plans for dissemination of results- Tawsaporn, DMR /Chen Sick Pei, 
CCOP  

1330-1400 

9. Open discussion and suggestions 1400-1500 
           
 
 The first Advisory Panel Meeting of the Project on Tsunami Risk Reduction Measures 
with focus on Land use and Rehabilitation was convened on 4 July 2005 at the Metropole 
Hotel in Phuket, Thailand.  Attendance at the meeting includes 4 experts from the Technical 
Executing Organization (TEO) of the project, 5 from the Department of Mineral Resources 
(DMR), Thailand, 3 from the CCOP Technical Secretariat and 11 from the local authorities 
and organizations which comprise the Advisory Panel of the project (Annex I - List of 
Participants). 
 
1. Welcome and introduction of participants 
 
 Mr. Chen Shick Pei, Director of the CCOP Technical Secretariat welcomed the 
participants to the meeting (Annex II – Welcome Speech).  Dr. Tawsaporn Nuchanong, Deputy 
Permanent Representative of Thailand to CCOP and Director of the Geological Resource 
Conservation and Management Division of DMR opened and chaired the meeting.  
 
2. Presentation of the overall program 
 
 The Project (Annex III) was presented to the meeting by Mr. Kjell Karlsrud, head of 
TEO and Director of the Norwegian Geological Institute (NGI).  The Project includes the six 
activities/tasks to be undertaken:  
 

1) Identification of earthquake-induced tsunami hazard 
2) Tsunami modeling and comparison to storm surge exposure 
3) Risk mitigation measures 
4) Overall reconstruction plans with acceptable risk level 
5) Interaction with local authorities and stakeholders  
6) Regional use and dissemination 
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The following were raised by the meeting after the presentation: 
 

• Inclusion of other geohazards in the project, particularly landslides.  Mr. Karlsrud 
responded that NGI has the expertise on landslides, and can share their expertise in 
the course of the project’s implementation.  A preliminary study on landslide was 
undertaken by NGI with DMR after the Tsunami and the report is available.  
However, for the Project, it will focus on the activities mentioned above.  

• Posting results of the project to the website.  Information, reports and results about 
the project will be published at the CCOP website & possibly be mirrored at 
DMR’s website. 

• Opportunities for knowledge transfer. The meeting was also informed of the 
opportunities for knowledge transfer in the conduct of the project. 

 
3. Approach to earthquake and risk assessment 
 

 Dr. Farrokh Nadim, member of TEO and Director of the International Center of 
Geohazards (ICG) of NGI, made a presentation entitled “Risk Assessment and Criteria” 
(Annex IV).  He also presented the background information and workplan of Task 1 of the 
project - Earthquake hazard and tsunami initiation.  The following were raised after the 
presentation: 

• Determination of occurrence frequency of earthquakes and tsunamis. This will be 
part of the study. The focus is on the Indian Ocean, the Pacific will not be 
considered. 

• Epicenter of possible earthquake is moving towards the south. Postulation by 
scientists but so far no scientific proof. 

• Methodology of the study of tsunami record in the past. DMR has carried out 
tsunami sediments study.  It will be of interest to know if there are similar studies 
by other bodies. 

• Sea-gypsies’ knowledge about tsunamis.  DMR will find out more information on 
this. 

 
4. Tsunami analyses and preventive measures 
 
 For Task 2, Mr. Karlsrud presented on “The Indian Ocean Tsunami –  
preliminary model results” (Annex V).  The following were pointed out after the presentation: 

• Phang-Nga Tourist Business Association (PNTBA): The Thai government 
approved 200M Bahts budget to Tourism Authority of Thailand for landuse 
planning in Patong, and expects to finish the job at the end of 2005. Patong 
Municipality Administration Organization hopes that the project implementation 
could be hastened so that its results could be considered and be applied in the 
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landuse planning in Patong.  TEO’s advice is not to rush too much, and 
recommends the local authorities to think both of short-term and long-term; long-
term can improve future building codes and practice and development of 
infrastructures. The future generations should be considered.  It was also 
emphasized that the purpose of the project is to come up with recommendations 
for planning, and recommended that DMR inform the planning authorities about 
the project, for them to consider the value of the Project’s results and its 
contribution to landuse planning and rehabilitation of the areas affected by the 
tsunami. Continuous contact between this project and the local planning 
authorities must be kept. Trial results on the effect of mitigation measures may be 
ready by October. 

• PNTBA responded that if the project is too slow, the business sector is affected. It 
requested to have win-win solutions. 

• TEO commented that they would appreciate being kept informed about measures 
that local authorities are considering. 

• The Department of Marine & Coastal Resources (DMCR) plans to do underwater 
construction such as artificial reef, prevention of tsunamis & tidal waves.  Budget 
is already available for this.  It hopes that this project can help & create a model 
for the selection of proper area for the construction of these measures.  DMCR 
will wait for the results of the Project before making its plan. 

 
5. Approach to developing re-construction plans 
 
For Tasks 3 and 4, Ms. Aud Tennøy, a member of TEO and researcher from the Norwegian 
Institute for Urban and Regional Research (NIBR), gave a presentation on “Mitigation 
Measures & Reconstruction Plans” (Annex VI).  The following comments were made after her 
presentation: 
 

• Patong Municipality Administration (PMA) commented that severe changes of 
attitudes and regulations are needed for mitigation measures to be implemented. 
The local authorities are in conflict with the local people – one or two months 
after the tsunami – people seemed to agree with the plan of the local authority, but 
now they disagree. 

• Phuket Provincial Office of Natural Resources and Environment (PPONRE): 
Before the tsunami, buildings and houses along the beach are one-story and not 
more than 6 meters high, following the building code established by the Ministry 
of Natural Resources and Environment. 

• TEO: Is it possible to find out what the local people thinks? 

• PMA: People living along the beach don’t want any construction that would 
interfere with the beauty of the beach, and tourists like natural beauty. Measures 
that are not blocking the sea can be made, such as elevating the land to 3 meters 
which may not be expensive. 
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• Once the design is agreed at the governmental level, the local people need to 
accept it.  In this case a public hearing may clarify the issues and concerns of the 
people. 

• PPONRE: The building code established by the Ministry of Natural Resources and 
Environment states that more than 50 meters above sea level one could not 
construct buildings (DMR will provide details).  It is very difficult to change the 
regulations established.  TEO fully understands the difficulty of changing 
regulations, but believes that it could be done and encourages DMR to persue the 
issue with the Government and other relevant departments. An example: Assume 
two resorts, one located as before and one 8 m above sea level. “Which one would 
you choose to live in?” Developers should look for elevated land for their resorts. 

• Bang Muang District Administration Office (BMDAO): In Bang Nam Kem, even 
though there are regulations in constructing buildings along the seaside, some 
government authorities do not abide by these regulations.  Reconstruction is the 
same as before. The road is even parallel to the beach and no other road leading 
away from the beach has so far been considered. Also in Patong, people are 
reconstructing at the same place. TEO encourages DMR or other departments to 
attempt to be heard by the Thai government.  Again, it reiterated the thinking of 
both short-term and long-term. 

• PNTBA: Tourism Industry is very important in the area that we are studying – to 
build the confidence of the people – maybe tourists have also to be asked, in 
addition to the local people and authority 

• PNTBA: Khao Lak area is very flat and hotels in this area are low-rise to preserve 
its natural beauty.  If the recommendation is to have an elevated land what are the 
consequences? Raising locally resort areas combined with good land use planning 
may well give quite attractive and environmentally acceptable solutions. The trees 
in the area have heights well beyond the potential 12 m height resorts. 

• Tawsaporn Nuchanong expressed his concern for people forced to live at the 
natural ground level if some tourist resorts were elevated to protect it from future 
tsunamis.  

• PNTBA: Breakwaters don’t look nice.  Seawalls and other mitigation measures can 
be designed in a good way. 

• DMCR: Construction in the sea can easily change the coastal processes and cause 
erosion – it can lose or get more area.  The TEO is fully aware of this and studies 
need to be carried out if such construction is considered. 

• TEO: Tourist area cannot have mangrove forest. Mangrove forest needs conditions 
to live making it not easy as a mitigation measure. 

• The Department of Marine and Coastal Areas has a plan to establish beach forest. 

• TEO: Regarding the problem of the people in Patong, the experience in urban 
planning everywhere in the world is that if you are doing something people will 
always say no. It maybe because people feel that they are not in control.  A public 
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hearing may address this problem, where discussion on what the problems are and 
what can be done can take place.  In a report of the GTZ project in Thailand in 
1994, such process had been done.  There was a large-scale project going on at the 
4 fishing villages along the coast in Thailand, and there was a lot of local 
resistance.  The project team discussed with the people, and it straightened out the 
problem. 

• Chen/CCOP: Maybe some of our ideas are very good, but the people are not aware 
of these.  Maybe a selection of one small area where the Project can work on at 
first, to be as a model reconstruction site, will make the local people understand. 

 
6. Plans for dissemination of results 
 

 Plans for dissemination of project results were presented by Mr. Chen (Annex VII).  
Additionally, he has confirmed the making of the project’s webpage under the CCOP website 
and can be mirrored at DMR’s website.  Also, in the course of the project’s implementation, 
many TEO experts will be coming to Thailand; CCOP with DMR will gladly organize the 
gathering of local personnel with the visiting experts for knowledge transfer. 

7. Open discussion and suggestions 
 
 Other points raised by the meeting are as follows: 

• PPONRE: The Advisory Panel expects immediate recommendation and initial 
modeling from Norway.  The TEO will send unofficial report as soon as possible. 

• TEO: We will try to follow up/keep ourselves informed about other similar 
mitigation efforts being carried out for the region. We expect DMR and CCOP to 
help us with this. A preliminary report is planned to be ready in late 
November/early December, but partial/informal work documents may be ready in 
September. 

• TEO: It is also vital that the Advisory Panel keeps DMR/CCOP informed about 
relevant projects that they are aware of. 

• PNTBA: When will the tsunami predictions be ready? The modeling results will be 
useful information for the locals in their planning. Tsunami predictions are at the 
end of Task 2 (after earthquake hazard identification and back calculations of the 
26 Dec 2004 event). Tentatively, some predictions may be ready when TEO visits 
Thailand at the end of September. 

• TEO: Who is responsible for the development of the Early Warning System? 
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• Tawsaporn Nuchanong: The National Disaster Centre under the Prime Minister. 
DMR is part of this centre, which has responsibility for all natural hazards. For 
questions about the early warning system, DMR can be contacted. 

• Deputy Director-General, DMR: Emphasize the need for fast results. Do TEO 
have any immediate recommendations? TEO will discuss this, and potentially 
include preliminary ideas in the field report after returning to Norway. 

G4 MINUTES OF ADVISORY PANEL MEETING 2 

2nd Advisory Panel Meeting 
Tsunami Risk Reduction Measures with focus on Landuse and Rehabilitation 
6 Dec 2005, Patong Merlin Hotel 
Phuket, Thailand 
 
1. Introduction / Project Status 
2. Earthquake hazard assessment:  The 26 December 2005 earthquake and future scenarios 

by Hilmar Bungum / NORSAR 
 Department of Disaster Prevention Mitigation (DDPM) – Are there any historical 

big earthquakes before 26 Dec 2004? 
 Department of Mineral Resources (DMR) – Are earthquakes in other parts of the 

world connected with Indian Ocean earthquake? There is more connection 
between earthquakes within one zone but not across the continents. Are there more 
earthquakes than before? 

 Sustainable Development Foundation (SDF) – What is the probability that the 
megathrust earthquake will happen in 400 years?  The study conducted could not 
give probability of occurrence, but only different scenarios.  Do you mean to say 
that when there is a 8-8.5 earthquake, there is no need to move to the safe place? 

 National Park, Wildlife and Plant Conservation Department (NPWPCD) – Was 
the 26 Dec earthquake a surprise? Yes, the magnitude of the earthquake is a 
surprise. 

 Chen, CCOP Technical Secretariat (CCOPTS) – What are the other views and 
then divergence from the study’s conclusions?  Andaman Sea is a spreading zone.  
Sumatra fault is a strike-slip fault.  The main uncertainty is that what happens at 
the tip of the fault when there is a horizontal movement and the fault moves to the 
ocean.  Sumatra fault remains as an enigma in this case. 

 DDPM – Is there any possibility of tsunami occurrence at the east coast?  
Technically speaking, very low possibility.  Seismic potential is larger at the 
western side than the eastern side. 

3. Tsunami Modelling:  Back analyses of the 26 December 2004 event and  simulation 
of future scenarios by Carl Harbitz, NGI 

 NPWPCD – What was the highest surface elevation in on 26 Dec 2004 tsunami?  
12m high – close to the beach; 10m high – further inland in Ban Niang. 

4. Establishing acceptable tsunami risk – and design levels by Kjell Karlsrud, NGI 
 DMCR – Installation of early warning system is expensive.  Is it necessary to 

install tsunami buoy stations?  What are your recommendations to the Thai 
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government?   Risk in short term is not high. There is plenty of time, no need for 
warning system in the next few generations. At the risk point of view, it is better to 
spend more time and money to think on the risk mitigation measures at this time 
for the future generation. 

 SDF – The results of the study done indicate less risk.  Are these results applicable 
to Indonesia, Sri Lanka and India?  For example, a suggestion on the buffer zone 
in Indonesia, since at present people cannot go back to the beach area since buffer 
zone is not yet finalized.   Cannot draw strong conclusion regarding other areas 
besides study areas in Thailand.   

 Park, CCOPTS – Have you taken into account the global sea level in the study?  
We have not taken into account the future sea level changes, because of its large 
uncertainty.  It will be put in the report that this is not taken into account in making 
the study. 

 Chen, CCOPTS –  
 DMCR – Is it possible to measure the underwater sounds caused by tsunami?  Is 

acoustic technique used to measure the occurrence of tsunami?  Pressure sensors 
can be considered as acoustic technique.  A lot of observation systems on acoustics 
to monitor, but to interpret the signal is difficult. 

5. Tsunami Mitigation Measures:  General Review by Kjell Karlsrud, NGI 
 Park, CCOPTS – If breakwater in the sea is constructed in Patong Beach, what 

about its environmental effects?  It could affect the coastal processes, and a 
detailed study should be done before building it. 

 Chen, CCOPTS – How would you recommend to the Thai government on the 
mitigation measures with regards to the scientific study? 

 Is there any other law in other countries that no one is allowed in the first floor for 
those affected by tsunami? None that we know of.  In Japan, there have regulations 
on mitigation measures.  In Norwary, there is storm surge level. 

 Regulation is in the process in the Thai government, not to stay in the first floor.  
In Norway, there is a regulation not to have any construction on areas where there 
is a high potential of landslide.  If allowed, then the government is accountable 
when landslide occurs. 

6. Thai Architecture and Geohazards by Birger Heyerdahl 
 DMR – In the case of Ban Nam Khem Village, your proposal is building like an 

artificial view.  This is not a tourist area, is there any other choice of building?  
Could it be cheaper to build a dike?  Yes, a dike could be used.  Free access to the 
area all the time.  How to make a construction suitable for the public is important.  
Memorial park could be some part of the public awareness program.  In Patong, it 
seems like a lot of investment is needed for such building.   

 Chen, CCOPTS – It was informed in the previous Advisory Panel Meeting that 
there are 2 pilot case studies in Patong, is there any information about that?  
Patong Municipality Administration Organization (PMAO) – Regarding the 
tourism authority project, there was a sand dune proposal, but the local authority 
does not approve it.  The local authority doesn’t know much about it, but thinks 
that this doesn’t concern much about tsunami, but only on landscaping. 

 KK – At present, situation of Patong when it comes to long-term scenario, we 
haven’t done enough… our stomach feeling is that it could maybe reach +7-+8m 
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water level.  The scenario in Patong could be quite more severe.  We have to have 
mitigation measures.  If we will not build a higher dike or seawall, maybe it could 
be more difficult in the future.  This is why we have proposed to have safe spots 
within reasonable distance.   

7. Open discussions and suggestions 
 KK – How should we convey the message to the people around us?  Do you have 

some feeling that we should do some mitigation measures now for the future 
generation? 

 DDPM – I think that the study of the project is very comprehensive and 
informative, and fruitful based on scientific studies based on the 3 case study 
areas.  We are waiting for the conclusion of this study, to work together with 
DMR. 

 KK – We need to think about this monument type measure.  We have to make sure 
that people will remember about it.  To make billboards that will last for a long 
time, so that when people see it, they will know about it. An interesting challenge 
for us to find something for people in the future generation will know about it. 

 KK – I think it’s a good idea to start building mitigation measures combined with 
something that people could be reminded of the event – a monument type. 

 DMCR – congratulated the work done.  He suggested that any recommendation on 
construction on coastal area and on the sea will be environmental-friendly. 

 KK – yes, it is assured that there will be proper consideration on this concern. 
 PMAO – Your recommendation on the building with first floor kind – they are 

thinking about this, but the problem is the building code that there is a height 
limitation of buildings. 

 KK – a good point, and thinks that this will be stated clearly.  We are aware of this, 
and thinks that it is a good idea that people will be thinking of changing building 
codes some time. 

 DDPM – We would like to see more participation of the local community.  This 
department does a lot of work on mitigation and disaster prevention.  They have 
knowledge of local people on this area. They recommended that there is a 
participation of the local people’s thinking on the project. 

 KK – this is a challenge… in this part is rather late. 
 DDPM – the reason that I suggest that is that sometimes the measures that the 

government is using in the area, a lot of recommendations from the local 
community come about. 

 KK – when something is being done, I suggest that people will have inputs on this. 
 SDF – thankful because she learn many things.  The result or outcome of this 

study should be disseminated, but the message should be on layman’s term, for 
easier understanding, but reliable and trustworthy, and build understanding of the 
local community.  Wording in the message should be convincing and interesting… 
more attractive to the people.  The recommendations should have short-term, 
medium-term and long-term mitigation plan to convince people to agree with the 
plan. 

 KK – good comments.  I think we can in the final version of the report, make the 
conclusion more precise and clear. 

 SDF – if the people living along the coast understand about the safety  
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 Heyerdahl – the sketches are ideas for proposal, which could be done over time. 
Doing constructions or plans that should last for hundred years is meaningless.  
But the idea of what could become is good to pass. 

8. Plans for further work by Kjell Karlsrud, NGI 
 Comments are welcome before 20 Dec 2005. 
 Complete all Appendices 
 Issue Final Report (English version) within 16 Jan 2006 
 Dissemination seminar for DMR and other relevant government bodies – 17 Feb 

2006 
 Other plans? 

- Meetings and presentation at political level? 
- Information to media and the public? 

9. Closing by Tawsaporn, DMR 
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H1 INTRODUCTION 

The 26 December 2005 earthquake west of the Aceh Province of Indonesia generated a large 
tsunami which devastated large areas along the coastlines of Indonesia, Thailand, Myanmar, 
Sri Lanka, India and even some parts of the east African coast. It caused of the order 220,000 
casualties, whereof about 8,000 along the coasts of Thailand. 
 
The basis for the study is a mission by the Norwegian Geotechnical Institute (NGI) to 
Thailand between 28 January and 12 February 2005, which was undertaken in response to a 
request from the Department of Mineral Resources (DMR) in Thailand. That mission also 
included participation in the Tsunami excursions and seminar arranged in cooperation 
between DMR and the Coordinating Committee for Geoscience Programs in East and 
Southeast Asia (CCOP).  
 
This choice is made because of the central and important position the organization has in the 
region and the long relationship that exists between NORWAY and CCOP. CCOP has 
initiated a number of activities in the region in relation to geohazards, and most recently the 
26 December 2004 tsunami disaster. 
 
CCOP has initiated a number of activities in the region in relation to geohazards. In addition 
to the workshop referred to above a new workshop was arranged in Phuket, Thailand 28-30 
March. On that basis CCOP has proposed a two-stage “Geohazards Programme in the CCOP 
Region Coastal Zones”. The project defined herein covers partly or completely several of the 
activities defined in the proposed CCOP programme, but will also make extensive use of 
results that may be generated through other of the defined programme activities.  
 
 
H2 SCOPE OF WORK 

The main purpose of this project is to establish practical guidelines for land use and 
rehabilitation of the devastated areas, considering the risk of future earthquake and tsunami 
events. The project focus on establishing rehabilitation plans along the tsunami struck areas 
along the coasts of Thailand so that consequences of potential future tsunamis can be limited 
to an acceptable level. It will involve identifying the earthquake and tsunami risk levels and 
alternative risk reduction measures. The project is proposed as an 8 month fast track study in 
consideration of the urgent needs for reconstruction works to commence.  
 
The results of the study will also form a platform giving conceptual results that can be used in 
other parts of the tsunami struck regions around the Indian Ocean. A major part of the seismic 
and tsunami risk assessment and modelling carried out as part of this study will actually be 
directly relevant to the entire region.  
 
The project shall be carried out on basis of whatever specific data that has become available 
prior to 1 June 2005 regarding the December 2004 earthquake and Tsunami, and updated data 
regarding historic earthquakes and Tsunamis in the region.  
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H3 WORK PROGRAM 

The following main activities are included in the project: 
 
1) Identification of earthquake-initiated tsunami hazard 

 
Define all possible future seismic scenarios in the region and the associated hazard levels, and 
establish a link between possible future seismic events and magnitude of 
dislocations/displacements that generate tsunamis. It should be noted that future scenarios will 
not necessarily be a replica of the 2004 event.  
 
Cooperation and data shall be sought from other seismic risk centres worldwide that have 
done or are in the process of undertaking similar studies for this region. Particular attention 
shall be given to include whatever new specific data which become available from the 
December 2004 event, and new studies of historic events in the region. Such cooperation is 
envisaged to include participation in some expert meetings and seminars that are planned in 
relation to the 2004 event. 

 
2) Tsunami modelling and hazard mapping and comparison to extreme storm surge 
exposure  
 
The work shall start with a study to validate global and local tsunami models by back-
analyses of the 2004 event. The work shall also consider possible contribution of submarine 
slides to the tsunami generation. 
 
For the different possible seismic and associated tsunami-generating dislocations, predictions 
of local tsunami-generated effects shall be carried out.  On the basis on these scenario events, 
hazard maps for different parts of the coastline shall be established. Prediction of local impact 
will require different modelling methods from the more global models used so far for the 
entire Indian Ocean. 
 
This study will be based on the bathymetric data already available for the Indian Ocean and 
the Andeman Sea. Effects of possible uncertainties in these data shall be identified by some 
parametric studies. 
Also statistical analyses of extreme weather conditions and storm surges and associated 
hazard assessments shall be carried out. 
 
The Tsunami hazard will also be compared against possible extreme weather generated storm 
surges in the areas. This will primarily be based on collecting weather and tidal data from 
local sources in Thailand. DMR shall assist with acquiring such data.  
  
3) Risk mitigation measures 
 
In terms of the potential for casualties, the risk in most areas can probably be significantly 
reduced by deployment of an appropriate warning system combined with establishment of 
escape routes to safe areas. New safe areas to be considered shall include such measures as: 
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• Establishing areas where the ground is elevated by “vertical reclamation” (escape 

pods). 
• Establishing easily accessible escape routes from lower levels to upper levels of 

buildings.  
 
The development of warning and preparedness systems are covered by other local, regional 
and global projects, and are not included in this project.  
 
To eliminate serious damage to buildings and achieve acceptable risk levels for the exposed 
population in the most hazard prone areas, the following risk reduction measures shall be 
analysed and assessed for practical implementation: 
 

• Vertical land reclamation, placing fill to raise the general ground level. This could be 
limited to the location of buildings, with roads and other areas located at a lower level. 
Such reclamation could also be combined with protection dikes and then in principal 
be limited to the areas closest to the waterfront, say within the first 100 m or so. The 
cost of such vertical land reclamation may be fairly reasonable if it could be based on 
dredging of seabed soils. 

• The possibility of combining vertical reclamation with excavation of ponds for fish 
farming. 

• Architectural and structural measures to ensure the ability of buildings to withstand 
the forces from Tsunami generated waves and flooding.  

• Construction of seawalls to reduce the impact of the Tsunami on buildings further 
behind. 

• Establishment of a zone of a certain width behind the shoreline where no buildings are 
accepted, or completely banning buildings in some areas, which in practice means re-
location to safe areas. 

 
The relevance and positive impact of combining some of these measures shall also be 
outlined. 
 
4) Establishing overall reconstruction and rehabilitation plans with acceptable risk 
levels 
 
Specific recommendations shall be given for three typical areas along the coast: 

• Patong City  
• Ban Niang beach resort area  
• Ban Nam Kem fishing village 

 
The acceptable risk level has been preliminarily defined as: 

• The risk in terms of potential casualties should be less than 10-3 per year 
• No buildings should experience structural damage which is so severe that the building 

collapses or are so much damaged that they must be torn down.    
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Overall plans for rehabilitations shall be based on the proposed hazard zone mapping, and the 
potential benefit of the risk reducing measures outlined above. In this respect it is clearly 
envisaged that the required measures will, to a large extent, depend on the vulnerability of 
different areas and the overall land use plan (present or future).  

 
5) Local interaction with authorities and stakeholders in Thailand 
 
It is considered vital to the success of this project that local authorities, land owners and 
communities are involved in such a way that it will ensure that the results will be of value and 
used when specific reconstruction and rehabilitation plans are developed and implemented.  
 
To ensure that local interests are taken care of the plan is to establish an Advisory Panel 
consisting of 6-8 representatives from the local public and private sectors. The plans for this 
study and potential risk reducing measures shall be discussed with the Advisory Panel at an 
early stage to ensure that the most realistic alternatives are considered in the study. The 
recommendations and findings of the study will also be presented to the same upon the 
completion of a draft report, which may be amended on the basis of comments received. 
 
DMR shall ensure that all relevant local authorities and the public in general are informed 
about the project and its results. It is up to DMR to define how this shall be most conveniently 
undertaken, and to take a lead role in establishing the Advisory Panel. 
 
In order to facilitate transfer of knowledge it is also part of the SOW for the TEO staff to 
make use of and interact with relevant local technical expertise where available and as found 
convenient for the project. This may for instance be through participation of local expertise in 
field excursions and collection of data relevant for the study, and meetings with local 
expertise in relevant technical fields such as earthquake risk and hazard assessments, tsunami 
modelling and building and area planning. 
  
6) Regional use and dissemination of the results of the project 
 
To enhance the use of the results of this project CCOP will arrange some regional seminars 
and workshops, and make the project reports open and available to anyone interested. The 
TEO and cooperating companies undertaking this project will take part in such workshops, 
which will include the following:  
 

• A three day workshop to be held in Phuket where methods, assessments, and possible 
plans and recommendations are presented and discussed. Participation are, 2 from 
member countries, India and Sri Lanka, 6 from Thailand, 3 from affected CCOP 
Member countries, Malaysia and Indonesia, 3 CCOP staff, and 5 TEO technical 
experts. 
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• Dissemination seminar will be held in Bangkok involving the majority of Thai 
participants (50), 1 from each CCOP Member Country, Sri Lanka India, 3 from 
affected CCOP Member Countries, Malaysia and Indonesia, and 4 TEO technical 
experts 

 
H4 ORGANIZATION 

The Technical Excecuting Organisation (TEO) has the direct responsibility for carrying out 
Tasks 1,2 3, and 4, but will also take part and contribute to tasks 5 and 6. The TEO will as 
seen required use support from specialist institutions on seismisity, architecture and urban 
planning, fluid dynamics and coastal engineering, and structural engineering. 
 
CCOP has an overall coordination and management role for the project. In this capacity 
CCOP shall assist the TEO with getting access to results of all relevant local or regional 
studies related of the 2004 tsunami event as carried out by any of the CCOP member 
organizations, and assist with arrangements of meetings and seminars and dissemination of 
the results of the project. CCOP has in this connection direct responsibility for Task 6. 
 
DMR shall represent and coordinate the interests of all relevant government bodies and local 
authorities in Thailand. DMR have the main responsibility for Task 5, as well as all practical 
arrangements in Thailand. DMR shall in this capacity establish an Advisory Panel consisting 
of 6-8 representatives from local authorities as well as representatives from private 
organisations and property owners. DMR shall also provide all relevant data collected about 
the December 2004 tsunami event in Thailand and its consequences, and provide land and sea 
maps etc. that may be of interest for the study.  
 
H5 SCHEDULE 

The project starts on 1 May 2005. Some key dates relative to the time after project start are: 
 

Time after project initiation (months)  
1 First meeting Advisory Panel 
4 Progress meeting, preliminary results 

Earthquake and tsunami assessment, 
all factual data in place  

6 Draft report issued 
7 Hearing meeting with local Advisory 

Panel 
8 Final report issued 

 
H6 REFERENCES 

NGI (2005). Tsunami Impact and Landslide Risk Assessments 
Recommendations based on site visits 28 January-4 February 2005 
Report 20051058- 1, 9 February 2005 
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I1 GLOSSARY 

Active fault - (1) A fault that has had sufficiently recent displacements so that, in the opinion 
of the user of the term, further displacements in the foreseeable future are considered 
likely. (2) A fault that on the basis of historical, seismological, or geological evidence 
has a high probability of producing an earthquake. (3) A fault that may produce an 
earthquake within a specified exposure time, given the assumptions adopted for a 
specific seismic-risk analysis. 

Acceptable risk - A risk which everyone impacted is prepared to accept. Action to further 
reduce such risk is usually not required unless reasonably practicable measures are 
available at low cost in terms of money, time and effort. 

Aftershock - A smaller earthquake that follows the mainshock of a series, originates within 
less than a fault length of the mainshock rupture, and is part of a flurry of earthquakes 
that occurs at a rate higher than the regional rate of seismicity before the mainshock. 

ALARP (As Low As Reasonably Practicable) principle - The principle states that risks, 
lower than the limit of tolerability, are tolerable only if risk reduction is impracticable or 
if its cost is grossly in disproportion (depending on the level of risk) to the improvement 
gained. 

Annual exceedance probability (AEP) - The estimated probability that an event of specified 
magnitude will be exceeded in any year. 

Asperity - Irregularity on the fault surface that retards slip. Region of relatively high shear 
strength on a fault surface. 

Asthenosphere - The layer or shell of the Earth below the lithosphere, which is weak and in 
which isostatic adjustment takes place, magmas may be generated, and seismic waves 
are strongly attenuated. 

Astronomical tide - Phenomenon of the alternate rising and falling of sea surface solely 
governed by the astronomical conditions of the sun and the moon, which is predicted 
with the tidal constituents determined from harmonic analysis of tide level readings over 
a long period 

B-value - A parameter indicating the relative frequency of earthquakes of different sizes. It is 
the slope of a straight line indicating absolute or relative frequency (plotted log-
arithmically) versus earthquake magnitude (or meizoseismal intensity), often shown to 
be stable over a wide range of magnitudes. The B-value indicates the slope of the curve 
of the Gutenberg-Richter recurrence relationship. 

Body waves - A seismic wave that travels through the interior of an elastic material. These 
waves consist of compressional waves (P-waves) and shear waves (S-waves). Near the 
source most of the energy carried is in the form of body waves. 
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Bore (hydraulic jump) - a marked discontinuity on the surface, characterised by a steep 
slope of the profile, broken throughout with violent turbulence. See also undular bore. 

Breakwater - A structure protecting a shore area, harbour, anchorage and/or basin from 
waves. 

Brittle - ductile transition - A zone within the Earth’s crust that separates superjacent brittle 
rocks from subjacent ductile rocks. Commonly identified as the zone defining the 
deepest earthquakes in the crust. More precisely stated as brittle - plastic transition. 

Buoyancy - Resultant of upward forces, exerted by the water on a submerged or floating 
body, equal to the weight of the water displaced by this body 

Capable fault - A fault along which it is mechanically feasible for sudden slip to occur. 
Evaluation of capability is based on geologic and/or seismic evidence. Capable is used 
for faults where it is possible, but not certain, that earthquakes can occur, often used 
synonymously with potentially active faults. 

Chart datum (CD) - Reference level for soundings in navigation charts.  

Consequence - In relation to risk analysis, the outcome or result of a hazard being realised. 

Continent - Any of the Earth’s land masses, characterized by lighter crustal densities than 
those of the ocean basins and, therefore, exposed above the surface of the oceans. 

Continental crust - That type of the Earth’s crust which constitutes the continents and the 
continental shelves. Continental crust ranges in thickness from about 35 to as much as 
60 km under mountain ranges. The density of the continental crust is ~2.7 g/cm3, and the 
speeds of the compressional waves are less than ~7.0 km/sec. 

Continental plate - A large rigid part of the Earth’s crust and upper mantle (lithosphere) 
which moves relative to the other continental plates. The speed of movement may be up 
to 15-20 cm/year. Scandinavia belongs to the Eurasian continental plate.  

Core - An inner portion of a breakwater, dike and  rubble mound structures, often with small 
permeability. 

Coseismic - During an earthquake. 

Crest - 1. Highest point of a coastal structure. 2. Highest point of a wave profile 

Crust - The outer major layer of the Earth, separated from the underlying mantle by the Moho 
discontinuity, and characterized by P-wave velocity less than 8 km/s. The thickness of 
the crust in the Norwegian Continental Shelf in the range 15-25 km. 

Crystalline rock - An inexact but convenient term designating an igneous or metamorphic 
rock as opposed to a sedimentary rock.  

Danger (Threat) - The natural phenomenon that could lead to damage, described in terms of 
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its geometry, mechanical and other characteristics. The danger can be an existing one 
(such as a creeping slope) or a potential one (such as a tsunami).  The characterisation of 
a danger or threat does not include any forecasting. 

Datum level - Reference level for survey, design, construction and maintenance of coastal 
and maritime structures, often set at a chart datum or national geodetic datum. 

Deep water - Water of such a depth that surface waves are little affected by bottom 
topography, being larger than about one-half the wavelength 

Design water level (DWL) -Water level selected for functional design, structural design and 
stability analysis of marine structures. Generally it is the water level that mostly affects 
the safety of the structures/facilities in question. DWL is chosen in view of the 
acceptable level of risk of failure/damage. 

Deterministic hazard assessment - An assessment that specifies single-valued parameters 
such as maximum earthquake magnitude or peak ground acceleration without 
consideration of likelihood. 

Dike - Man-made sloped structures parallel to the shore to protect the hinterland against 
erosion and flooding 

Dip-slip fault - A fault which experiences slip only in the direction of its dip, that is, per-
pendicular to strike. 

Drag coefficient - Coefficient used in the Morison equation  to determine the drag force 

Earthquake - A sudden motion or vibration in the Earth caused by the abrupt release of 
energy in the Earth’s lithosphere; shaking of the ground by different types of waves 
generated by tectonic movements or volcanic activity. By far the largest number of 
destructive earthquakes are caused by tectonic movements. An earthquake is initiated 
when the accumulated tectonic stresses at any one point in the ground become greater 
than the strength at this point. Release of stress at one point may increase the stresses 
nearby, and result in a progressive rupture which may propagate for several hundred 
kilometers. The rupture will almost invariably occur along old zones of weakness 
(faults), and the wave motion may range from violent at some locations to imperceptible 
at others. 

Earthquake cycle - For a particular fault, fault segment, or region, a period of time that 
encompasses an episode of strain accumulation and its subsequent seismic relief. 

Earthquake segment - That part of a fault zone or fault zones that has ruptured during 
individual earthquakes. 

Elements at risk - Population, buildings and engineering works, infrastructure, 
environmental features and economic activities in the area affected by a hazard. 

Epicenter - The point on the Earth’s surface that is directly above the focus (hypocenter) of 
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an earthquake. 

Exceedance probability - The probability that a specified level of ground motion or specified 
social or economic consequences of earthquakes, will be exceeded at a site or in a region 
during a specified exposure time. 

Exposure - The potential economic loss to all or a certain subset of structures as a result of 
one or more earthquakes in an area. This term usually refers to the insured value of 
structures carried by one or more insurers. See Value at risk. 

Exposure time - The time period of interest for seismic-risk calculations, seismic-hazard 
calculations, or design of structures. For structures, the exposure time is often chosen to 
be equal to the design lifetime of a structure. 

Fault - A fracture or a zone of fractures along which displacement has occurred parallel to the 
fracture. Earthquakes are caused by a sudden rupture along a fault or fault system; the 
ruptured area may be up to several thousand square kilometers. Relative movements 
across a fault may typically be tens of centimeters for magnitude 6.0-6.5 earthquakes, 
several meters for magnitude 7-8 earthquakes. 

Fault length - (1) The total length of a fault or fault zone. (2) The rupture length along a fault 
or fault zone associated with a specific earthquake, representing either the observed 
surface rupture length or the rupture length at depth, often determined from the 
aftershock distribution of the earthquake. 

Fault slip rate - The rate of slip on a fault averaged over a time period involving several large 
earthquakes. The term does not necessarily imply fault creep. 

Filter - Intermediate layer, preventing fine materials of an underlayer from being washed 
through the voids of an upper layer. 

Focal depth - The depth of the earthquake focus below the surface of the Earth. 

Focus - The place within the Earth where an earthquake commences and from which the first 
P waves arrive. 

Foreshock - An earthquake that immediately precedes the mainshock of a series and orig-
inates within the region of the hypocenter of the mainshock. Currently recognized as 
such only after the occurrence of the mainshock. 

Fracture zone - An elongated zone of unusually irregular topography on the sea floor, which 
represents the inactive extension of a ridge-ridge transform fault. 

Geologic hazard - A geologic process (e.g., landsliding, soil liquefaction, active faulting) that 
during an earthquake or other natural events may produce adverse effects on structures. 

Hazard - Probability that a particular danger (threat) occurs within a given period of time. 

Highest astronomical tide (HAT) - Tide at the highest level that can be predicted to occur 
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under average meteorological conditions and under any combination of astronomical 
conditions.  
NOTE  - HAT is not reached every year and does not represent the highest sea level that 
can be reached, because storm surges and tsunamis may cause considerably higher 
levels to occur.  

Hydraulic jump - see bore 

Hypocenter - The point where the earthquake started, also called focus. Hypocenter depths 
are typically 30 km and less for shallow earthquakes, several hundreds of kilometers for 
earthquakes occurring in subduction zones. Most earthquakes in Fennoscandia originate 
at depths between 10 and 30 km. 

Impulsive wave pressure - Water pressure of high peak intensity with a very short duration 
induced by the collision of the front surface of a breaking wave with a structure or the 
collision of a rising wave surface with a horizontal or slightly inclined deck of a pier 

Inactive fault - A fault which has had no displacement over a sufficiently long time period in 
the geologic past so that displacements in the foreseeable future are considered unlikely 
by the user of the term. 

Individual risk to life - The increment of risk imposed on a particular individual by the 
existence of a hazard. This increment of risk is an addition to the background risk to life, 
which the person would live with on a daily basis if the facility did not exist. 

Intensity (of an earthquake) - A qualitative or quantitative measure of the severity of ground 
shaking at a given site (e.g., MSK intensity, Modified Mercalli intensity, Rossi-Forel 
intensity, Housner Spectral intensity, Arias intensity, peak acceleration, etc.) based on 
effects of the earthquake such as how the earthquake was felt, damage to structures, how 
people reacted, soil or rock slides, etc. 

Inundation level - Water level above equilibrium reached by the tsunami at any point on 
land. 

 
Inundation length - Maximum horizontal distance reached by the tsunami inland from the 

equilibrium shore line. 

Lithosphere - The outermost layer of the Earth, distinguished from the subjacent astheno-
phere by its greater rigidity and strength. Commonly includes the crust and part of the 
upper mantle, which are distinguished by differences in seismic wave speeds rather than 
rheological properties. 

Lowest astronomical tide (LAT) - Tide at the lowest level that can be predicted to occur 
under average meteorological conditions and under any combination of astronomical 
conditions. 
NOTE -LAT is not reached every year and does not represent the lowest sea level which 
can be reached, because storm surges (negative) and tsunamis may cause considerably 
lower levels to occur. 
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Magnitude - A measure of earthquake size at its source. Magnitude was defined by C. 
Richter in 1935 as: “The logarithm to the trace amplitude in 0.001 mm on a standard 
Wood-Anderson seismometer located 100 km from the epicenter” The Wood-Anderson 
instrument measures the responses in the period range near 1 sec. Other magnitude 
scales have later been devised based on the responses measured in other period ranges, 
and on maximum amplitudes of specific wave forms. Some of the more commonly used 
magnitude scales are: 

ML= local magnitude, similar to the original Richter magnitude. Usually determined 
from shear wave response in the period range near 1 sec. at relatively close distances 
from the epicenter (< 600 km). 

mb= body wave magnitude is based on the largest amplitude of body waves, usually the 
compressional component with period near 1 sec.  

MS= surface wave magnitude is measured in the period range near 20 sec. 

Mw=moment magnitude is based on the seismic moment and be computed directly from 
source parameters or from long period components in the earthquake record. Symbol M 
is also used for this magnitude.  

Magnitude scales are also based on other earthquake parameters such as felt area, length 
of rupture and surface displacement, and area within different intensity zones. A large 
number of empiric relations between magnitude and other earthquake parameters such 
as energy, fault movement, fault area, intensity, maximum acceleration, etc., are 
available. Such relations may differ considerably from one seismic region to another. 

Mainshock - The largest earthquake within a closely-spaced and temporally-clustered series 
of earthquakes. Typically followed by aftershocks, smaller earthquakes which become 
less frequent with increased time since the mainshock. 

Maximum credible, expectable, expected, probable - These terms are used to specify the 
largest value of a variable, for example, the magnitude of an earthquake, that might 
reasonable be expected to occur. In the view of the EERI (Earthquake Engineering 
Research Institute, U.S.) Committee on Seismic Risk (cf. Earthquake Spectra, Vol 1, 
pp. 33-40), these are misleading terms and their use is discouraged. 

Maximum credible earthquake - The maximum earthquake that is capable of occurring in a 
given area or on a given fault during the current tectonic regime; the largest earthquake 
that can be reasonably expected to occur (USGS); the earthquake that would cause the 
most severe vibratory ground motion capable of being at the site under the current 
known tectonic framwork (US Bureau of Reclamation). “Credibility” is in the eyes of 
the user of the term. 

Maximum earthquake - The maximum earthquake that is thought, in the judgement of the 
user, to be appropriate for consideration in the location and design of a specific facility. 

Maximum possible - The largest value possible for a variable. This follows from an explicit 
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assumption that larger values are not possible, or implicitly from assumptions that 
related variables or functions are limited in range. The maximum possible value may be 
expressed deterministically or probabilistically. 

Maximum probable earthquake - The maximum earthquake that, in the judgement of the 
user, is likely to occur in a given area or on a given fault during a specific time period in 
the future. 

Mean high water springs (MHWS) - average height of high waters, occurring at the time of 
spring tides. 

Mean low water springs (MLWS) - Average height of low waters occurring at the time of 
the spring tides. 

Mean (average) recurrence interval - The mean (average) time between earthquakes or 
faulting events with specific characteristics (e.g., magnitude ≥ 5) in a specified region or 
in a specific fault zone. 

Mean (average) return period - The mean (average) time between occurrences of ground 
motion with specified characteristics (e.g., peak horizontal acceleration ≥ 0.1 g) at a site. 
Equal to the inverse of the annual probability of exceedance. 

Mean sea level (MSL) - Average height of the sea level for all stages of the tide over a 19-
year period, generally determined from hourly height readings. 

Mean water level (MWL) - Average elevation of the water surface over given time period, 
usually determined from hourly tidal level readings. 
NOTE The monthly mean water level varies around seasons by a few tens of 
centimetres. 

Mean wave period - Average period of all waves among a given wave record 
NOTE -The mean wave period is often estimated from the spectral information obtained 
from a wave record.  

Moho - Mohorovičić discontinuity, a sharp discontinuity in seismic velocities separating the 
Earth’s crust from the underlying mantle, also called the crust-mantle boundary. P wave 
speeds are typically 6.7-7.2 km/s in the lower crust and 7.6-8.6 km/s at the top of the 
upper mantle. 

Neotectonics - (1) The study of post-Miocene structures and structural history of the Earth’s 
crust. (2) The study of recent deformation of the crust, generally Neogene (post-
Oligocene). (3) Tectonic processes now active, taken over the geologic time span during 
which they have been acting in the presently observed sense, and the resulting 
structures. 

Normal fault - A fault in which the hangingwall block has moved downward relative to the 
footwall. 
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Overtopping - Passing of water over the top of a structure as a result of wave runup or surge 
actions. NOTE – this definition could serve as a general definition and should not be 
given individually for each structure. 

P wave - A seismic body wave with particle motion in the direction of propagation, also 
called compressional wave even though the motion alternates between extension and 
compressions.  

Paleoseismology - The investigation of individual earthquakes decades, centuries and 
millennia after their occurrence. 

Plate (tectonic plate) - A large, relatively rigid segment of the Earth’s lithosphere that moves 
in relation to other plates and the deeper interior of the Earth. 

Plate tectonics - A global theory of tectonics in which an outermost sphere (the lithosphere) 
is divided into a number of relatively rigid plates that collide with, separate from, and 
translate past one another at boundaries. 

Probability - A measure of the degree of certainty. This measure has a value between zero 
(impossibility) and one (certainty). It is an estimate of the likelihood of the magnitude of 
the uncertain quantity, or the likelihood of the occurrence of the uncertain future event. 

Potentially active fault - A term used by different people in different ways, but sometimes 
referring to a fault that has had displacements on it within the late Quaternary period 
(say, last 10,000 years). 

Recurrence interval - See Mean recurrence interval. 

Reflection coefficient - Ratio of the height of reflected waves to the height of incident waves 

Reverse fault - A fault characterized by movement of the hangingwall block upward relative 
to the footwall block. 

Return period - Same as recurrence interval, average time period between earthquakes of a 
given size in a particular region, cycle time. 

Risk - Measure of the probability and severity of an adverse effect to life, health, property, or 
the environment. Quantitatively, Risk = Hazard � Potential Worth of Loss. This can be 
also expressed as “Probability of an adverse event times the consequences if the event 
occurs”. 

Risk mitigation - A selective application of appropriate techniques and management 
principles to reduce either likelihood of an occurrence or its adverse consequences, or 
both. 

Rock - An aggregate of one or more minerals.  

Run-up - The maximum vertical level reached by the wave on land above equilibrium (mean) 
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sea level. 

S wave - A seismic body wave with particle motion perpendicular to the direction of prop-
agation, also called shear wave. The passage of an S-wave involves a pure shear of the 
medium.  

Scour - Removal of underwater sand and stone material by waves and currents, especially at 
the base or toe of a structure. 

Seaward dike slope - Slope of the dike on the seaward side that is generally flatter than 1:4 to 
reduce wave run-up. It is protected by a revetment made of clay and grass, concrete 
slabs, asphalt, or stones to prevent erosion. 

Sea walls - Onshore structures parallel to the shoreline, built as vertical face structures such 
as gravity concrete walls, steel or concrete sheet pile walls, stone filled crib-works or as 
sloping structures, to reinforce a part of the coastal profile and to protect land and 
infrastructures from the actions of waves and flooding 

Secondary effects - Nontectonic surface processes that are directly related to earthquake 
shaking or to tsunamis. 

Seismic activity rate - The mean number per unit time of earthquakes with specific char-
acteristics (e.g., magnitude ≥5) originating on a selected fault or in a selected area. 

Seismic event - The abrupt release of energy in the Earth’s lithosphere, causing an earth-
quake. 

Seismic hazard - Any physical phenomenon or effect (e.g., ground shaking, ground failure, 
landsliding, liquefaction) associated with an earthquake that may produce adverse 
effects on human activities, representing the earthquake’s potential danger. Specifically, 
the probability of occurrence over a given time period in a given location of an 
earthquake with a given level of severity. Seismic exposure may be used synonymously 
with seismic hazard.  

Seismic moment - The area of a fault rupture multiplied by the average slip over the rupture 
area and multiplied by the shear modulus (rigidity) of the affected rocks. Seismic 
moment can be determined directly from the long period asymptote of path corrected far 
field displacement spectra. Dimension dyne-cm or N-m. 

Seismic moment rate - The long term rate at which seismic moment is being generated. 

Seismic risk - The probability that social or economic consequences of earthquakes will equal 
or exceed specified values at a site, at several sites, or in an area, during a specified 
exposure time; the likelihood of human and property loss that can result from the 
hazards of an earthquake. Often expressed as hazard times consequence. 

Seismic wave - An elastic wave in the Earth usually generated by an earthquake or explosion. 

Seismic zone - A generally large area within which seismic design requirements for structures 
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are constant. Some times used synonymously with Seismogenic zone. 

Seismic zoning (zonation) - The process of determining seismic hazard at many sites for the 
purpose of delineating seismic zones. Some times used synonymously with Seis-
motectonic zoning. 

Seismicity - The occurrence of earthquakes in space and time. 

Seismogenic structure - A geologic structure that is capable of producing an earthquake. 

Seismogenic zone (province) - A planar representation of a three-dimensional domain in the 
Earth’s lithosphere in which earthquakes are inferred to be of similar tectonic origin; 
may also represent a fault. See Seismotectonic zone. 

Seismotectonic zone (province) - A seismogenic zone in which the tectonic processes 
causing earthquakes have been reasonably well identified; usually these zones are fault 
zones. In seismic hazard analyses often used to describe a region (area) within which the 
active geologic and seismic processes are considered to be relatively uniform. 

Seismotectonics - The study of the tectonic component represented by seismic activity; a 
subfield of active tectonics concentrating on the seismicity, both instrumental and 
historical, and dealing with geological and other geophysical aspects of seismicity. 

Shallow water - Water of such a depth that surface waves are noticeably affected by bottom 
topography, being less than about one-half the wavelength. NOTE -Region of water in 
which waves propagate is sometimes classified into three categories of deepwater, 
intermediate depth, and shallow water. According to this classification, shallow water 
represents the zone of depth less than about one-twentieth of the wavelength. 

Shoaling coefficient - Ratio of the height of waves having been affected by the depth change 
in shallow water to their height in deep water with the refractions effect eliminated 

Shoreward dike slope - Slope of dike on the landward side which is generally not steeper 
than 1:3 to prevent erosion by wave overtopping. It is generally protected by a 
revetment made of clay/grass. 

Slamming actions - Actions when a water surface and a structure suddenly collides. 

Societal risk - The risk of widespread or large scale detriment from the realisation of a 
defined risk, the implication being that the consequence would be on such a scale as to 
provoke a socio/political response. 

Still water level (SWL) - Level of water surface in the absence of any wave and wind 
actions, which is also called the undisturbed water level. 

Strain - Change in the shape or volume of a body as a result of stress. 

Stress - Force per unit area. 
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Stress drop - The sudden reduction in stress across the fault plane during rupture. Intraplate 
earthquakes have in general higher stress drop than interplate earthquakes. Typical 
values are 1-10 MPa (10-100 bars).  

Strike - The azimuth of a horizontal line drawn on an inclined plane, which, along with the 
dip of the plane, provides a complete description of the orientation of the plane in space. 

Strike slip - That component of slip along a fault that is horizontal and in the plane of the 
fault, that is, parallel to the strike of the fault. 

Strike slip fault - A fault on which the movement is parallel to the strike of the fault. 

Surface elevation – Water level above equilibrium (mean sea). 

Surface waves - Seismic waves travelling along the surface of the Earth or along layers in the 
Earth’s crust, with a speed less than that of S waves. The two most common types are 
Raleigh waves and Love waves. 

Stone - Quarried or artificially broken rock for use in construction, either as aggregate or cut 
into shaped blocks as dimension stone. 

Storm surge - Phenomenon of the rise of the sea surface above astronomical water level on 
the open coast, bays and on estuaries due to the actions of wind stresses on the water 
surface, the atmospheric pressure reduction, storm-induced seiches, wave set-up and 
others. 

Tectonics - A branch of geology dealing with the broad architecture of the outer part of the 
Earth, that is, the regional assembling of structural or deformational features, a study of 
their mutual relations, origin, and historical evolution. 

Thrust fault - A fault with a dip of 45o or less over much of its extent, on which the hang-
ingwall block has moved upward relative to the footwall block. 

Toe - Lowest part of sea- and portside breakwater slope, generally forming the transition to 
the seabed. 

Tolerable risk - A risk within a range that society can live with so as to secure certain net 
benefits.  It is a range of risk regarded as non-negligible and needing to be kept under 
review and reduced further if possible. 

Transcurrent fault - A nearly vertical strike-slip fault that cuts not only supracrustal sed-
imentary rocks, but also igneous and metamorphic rocks. Often avoided in favor of the 
more general, nongenetic term strike-slip fault. 

Transform fault - A strike-slip fault of plate-boundary dimensions that transforms into 
another plate-boundary structure at its terminus. 

Tsunami - Wave generated by huge and sudden perturbation of the sea, such as earthquakes, 
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gravity mass flows, volcanic eruptions, and asteroid impacts. (Originally a Japanese 
word for unusually large wave in a harbour). 

Undular bore -  a fision of the wave front (bore) into a series of solitary waves. 

Uplift - Upward water pressure exerted up the base of a structure or pavement due to waves, 
excluding buoyancy. 

Value at risk - The potential economic loss (whether insured or not) to all or a certain subset 
of structures as a result of one or more earthquakes in an area. See Exposure. 

Vulnerability - (1) The degree of loss to a given element at risk, or set of such elements, 
resulting from an earthquake of a given magnitude or intensity, usually expressed on a 
scale from 0 (no loss) to 1 (total loss). (2) Degree of damage caused by various levels of 
loading. The vulnerability may be calculated in a probabilistic or deterministic way for a 
single structure or groups of structures. 

Wave current velocity / Particle speed - The local horizontal speed of the water coloumn. 
The net movement of the water column in deep water is equal to zero after the wave has 
passed the observation point. 

Wave height - height difference between the crest and the trough of the wave 

Wave pressure - Water pressure exerted on a structure induced by actions of waves 
excluding hydrostatic pressure 

Wave propagation speed/celerity – The speed of which a wave (disturbance) moves across 
the water.  
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