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Tsunami Impact Computed from Offshore Modeling and Coastal Amplification Laws: Insights

from the 2004 Indian Ocean Tsunami
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Abstract—The 2004 Indian Ocean tsunami gave the opportu-

nity to gather unprecedented tsunami observation databases for

various coastlines. We present here an analysis of such databases

gathered for 3 coastlines, among the most impacted in 2004 in the

intermediate- and far field: Thailand–Myanmar, SE India–Sri

Lanka, and SE Madagascar. Non-linear shallow water tsunami

modeling performed on a single 40 coarse bathymetric grid is

compared to these observations, in order to check to which extent a

simple approach based on the usual energy conservation laws

(either Green’s or Synolakis laws) can explain the data. The idea is

to fit tsunami data with numerical modeling carried out without any

refined coastal bathymetry/topography. To this end several

parameters are discussed, namely the bathymetric depth to which

model results must be extrapolated (using the Green’s law), or the

mean bathymetric slope to consider near the studied coast (when

using the Synolakis law). Using extrapolation depths from 1 to

10 m generally allows a good fit; however, a 0.1 m is required for

some others, especially in the far field (Madagascar) possibly due

to enhanced numerical dispersion. Such a method also allows

describing the tsunami impact variability along a given coastline.

Then, using a series of scenarios, we propose a preliminary sta-

tistical assessment of tsunami impact for a given earthquake

magnitude along the Indonesian subduction. Conversely, the

sources mostly contributing to a specific hazard can also be mapped

onto the sources, providing a first order definition of which sources

are threatening the 3 studied coastlines.

Key words: Tsunamis, Indian Ocean, numerical modeling,

nearshore processes, subduction zones.

1. Introduction

The 2004 great, catastrophic tsunami in the Indian

Ocean has underlined the threat posed by major

transoceanic tsunamis in this specific ocean, where

the available historical catalogs were probably not

thoroughly representative to assess the actual hazard,

although historical transoceanic tsunamis were

known in the area (e.g. 1881 in the Nicobar Islands)

(ORTIZ and BILHAM 2003). Actually most of the major

20th century tsunamis had previously occurred in the

Pacific Ocean (1946, 1960) (GUSIAKOV 2005), a basin

where similar destructive events can occur several

times a century. The extent of the 2004 tsunami

aftermath urged the need for a better assessment of

tsunami hazard not only in the Indian Ocean, but also

for every oceanic basin especially in terms of

designing and deciding the establishment of new

warning systems. Since tsunami hazard assessment

essentially relies on historical databases completed

by numerical modeling (SYNOLAKIS and BERNARD

2006), the opportunity to test the methods against the

unprecedented 2004 databases and also to propose

original methodologies had to be stressed.

Numerous numerical modelings of this tsunami

have been proposed, to determine the source char-

acteristics (e.g. FUJI and SATAKE 2007; SLADEN and

HÉBERT 2008; LORITO et al. 2010), or the response

of various coastal sites at local more detailed level

(HÉBERT et al. 2007; POISSON et al. 2009) or at a

regional level (IOUALALEN et al. 2007). The extent

of the event also gave the opportunity to initiate

reflections on tsunami hazard and forecasting

techniques (GEIST et al. 2007), and to launch new

warning system architectures in every ocean

deprived of, in priority in the Indian Ocean (e.g.

RUDLOFF et al. 2009 and papers therein) and also in

the Mediterranean Sea (TINTI et al. 2012; SCHINDELÉ

et al. 2015).

Detailed hazard mapping, an approach which is

still demanding in terms of involved models, data and

uncertainties, was already performed by various

authors (YANAGISAWA et al. 2009; OKAL and1 CEA, DAM, DIF, 91297 Arpajon, France. E-mail:

francois.schindele@gmail.com; helene.hebert@cea.fr
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SYNOLAKIS 2008) for selected sites in the Indian

Ocean. We aim here at taking advantage of the large

amount of unique observation data available after the

2004 tsunami to test the efficiency of the modeling

methods, and to discuss some of the characteristics of

the non-linear nearshore tsunami amplification.

Simple approaches are indeed available to rapidly

assess a tsunami impact for a given coastal site, using

empirical amplification laws, without conducting

detailed, computationally costly modeling. This kind

of approach needs being validated against actual data

sets, nowadays when, more than 10 years after the

2004 catastrophe and following the 2011 catastrophic

tsunami in the Pacific, they are more and more used

in the operational frames of warning centers (REY-

MOND et al. 2012).

We study the 2004 tsunami using detailed data

available on different sites (Thailand–Myanmar, Sri

Lanka and Madagascar, see location on Fig. 1),

located at different distances from the earthquake

epicentral area, and we compare these observations

with numerical modeling results performed on coarse

grids without any bathymetric refinement. To this end

we test tsunami amplification laws that provide good

approximations for the tsunami shoaling effect in the

shallowest portion of the ocean. This method allows

proposing average trends for the tsunami impacts on a

given shoreline that can be quickly computed, explain

a major part of the observed damage in 2004, and

help to assess tsunami hazard in real time.

2. Context and Objectives

The most devastating tsunamis at regional scales

are due to earthquakes, and are able to propagate

damaging energy at far distances, because of the long

wavelengths implied. They are usually triggered by the

largest submarine quakes, mostly the thrusting events

occurring on well-known subduction zones. However,

in many oceanic basins, tsunami catalogs reflect a

heterogeneous database that may be poorly

Figure 1
Bathymetric grid describing the Indian Ocean at a 40 cell size, and location of the 3 coastal regions of this study. The thick red line indicates

the coseismic area of the 26 December 2004 earthquake
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representative for the recent tsunami history. For

instance, the Mediterranean Sea is well known for key

historical events, especially in its eastern region (large

tsunamis due to rare, large earthquakes in Crete, or

cataclysmic volcanic explosion in Santorini) (SOLO-

VIEV et al. 2000), as is the NE Atlantic Ocean (1755

tsunami off Lisbon) (BAPTISTA et al. 2003). Recent

events, often more moderate (BAPTISTA and MIRANDA

2009), tend to underestimate the actual tsunami hazard

in most of those areas. Similarly in the Indian Ocean,

destructive events were not to be discarded (ORTIZ and

BILHAM 2003), even though the extent of the 2004

earthquake and tsunami was honestly not foreseen by

the geophysicists. The same remarks also apply to the

Tohoku area where the expected magnitude was much

lower than the event actually triggered in 2011,

although historical and geological evidences could

have favored such scenarios (SAWAI et al. 2012).

The 2004 tsunami belongs to the category of events

related to subduction processes, whose return periods

are quite long (above 500 year), and which give rise to

large tsunamis every 500–700 year at least (JANKAEW

et al. 2008). The historical seismic activity of the

Sunda Arc (ZACHARIASEN et al. 1999; SUBARYA et al.

2006) indicates that important tsunamis may have

repeatedly occurred there. The relative regional qui-

escence during the 20th century together with the poor

amount of earlier observations among the Indian

Ocean residents was not in favor of a proper awareness

of tsunami hazard along the coasts facing this ocean.

In addition to historical catalogs, tsunami hazard

studies can rely on paleotsunami investigation on

well-preserved paleoshoreline environments, and on

numerical modeling whose recent advances allowed

refining the quantitative results in terms of tsunami

heights, flooding areas characteristics, and also

toward the assessment of damage on buildings and

facilities (SYNOLAKIS 2002). Tsunami numerical

modeling, as for every natural phenomenon, can

illustrate every sequence of the process, including all

uncertainties therein (SYNOLAKIS and BERNARD 2006).

Three major steps can be defined: the initiation, the

deep sea propagation, and the coastal amplification

(where the tsunami is actually observed and causes

damage). While the offshore propagation can be easily

modeled through the simple approximation of the

shallow water equations, the source and coastal

processes often remain delicate to be numerically han-

dled. As for the initiation, usual elastic dislocation

models (e.g. OKADA 1985) provide a good approxima-

tion for the initial static coseismic triggering. The

limitation here mostly consists of uncertainties on the

seismological parameters used for the earthquake

source. On the coasts, the limitations arise not only on

the parameters to be used, namely the resolution of the

bathymetric grids and the extent of the topographic data

available, but also on the models used. A non-linear

shallow water model is usually used, including non-

linear terms to properly take into account the amplifying

shoaling effect. However, the validity of such models

appears more questionable for very high, short tsunami

waves that interact with strong discontinuities (cliffs,

buildings) and/or with various ground morphologies

that can also be expressed in terms of various bottom

friction coefficients. Indeed for instance, including

variable friction coefficients in the shallowest bathy-

metry, following a Chezy approach, significantly

modifies amplitudes of synthetic tide gauges (example

in the Pacific Ocean, e.g. HÉBERT et al. 2009).

In the following study of the 2004 tsunami, we

test a couple of amplification laws among those

known in the literature. We avoid intensive modeling

in the coastal areas, but provide instead a first order

approximation of the tsunami heights that can be

rapidly computed. Since these amplification laws

implicitly contain the specific characteristics of the

coastal response, and also depend on the coarse

models performed, they have to be fit for each region

studied. Then we attempt to propose a statistical

approach to the coastal tsunami hazard, for several

earthquake scenarios of a given magnitude along the

Java–Sumatra trench. This allows to underline some

specific regions as more prone to tsunami amplifica-

tions, for a given selection of scenarios.

3. Methods and Data

3.1. Tsunami Numerical Modeling

As explained above, the tsunami source is usually

treated as an instantaneous perturbation of the sea

bottom in response to the static displacement due to the

earthquake. The initial deformation is computed here

Vol. 172, (2015) Tsunami Impact from Offshore Modelings and Amplification Laws 3387
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through a model of elastic dislocation (OKADA 1985)

constrained with seismological parameters of the

rupture that satisfy the expression of moment magni-

tude M0 = lULW, where l is the rigidity, U the

average slip amount and L (W) the length (width) of the

fault plane (e.g. KANAMORI and ANDERSON 1975). Such

seismological parameters describing the fault geome-

try are mostly obtained from the inversion studies

available when large earthquakes occur, or they are

adapted from regional realistic seismotectonics, when

various scenarios must be defined.

The modeling of tsunami propagation is carried

out using algorithms solving the hydrodynamic

equations under the non-linear shallow water theory.

Equations of continuity (1) and motion (2) are here

solved in spherical coordinates by means of a finite-

difference method, centered in time, and using an

upwind scheme in space (HEINRICH et al. 1998;

HÉBERT et al. 2001). Open free boundary conditions

are ascribed to the grid boundaries.

o gþ dð Þ
ot

þr� v gþ dð Þ½ � ¼ 0 ð1Þ

o vð Þ
ot

þ v�rð Þv ¼ �grg ð2Þ

where d is the sea depth, g is the water elevation above
mean sea level, v is the depth-averaged horizontal

velocity vector, and g is the gravitational acceleration.

The time increment Dt is constrained by the Courant–

Friedrichs–Lewy criterion imposing Dt � Dx= ffiffiffiffiffi

gh
p

where Dx is the space increment. To properly handle

the shoaling effect near the coasts, refined grids, or

nested bathymetric grids with increasing resolution,

should be used to describe the refinement of bathy-

metric features when the water depth h decreases,

hence when the tsunami wavelengths shorten, as well

as the coastal structures. The method also allows to

compute the inundation onshore provided topographic

high resolution data are available. In the following,

where only a coarse approach is tested, neither grid

refinement and nesting, nor onshore run-up computa-

tions are performed.

3.2. Bathymetric Data

The computational domain relies on bathymetric

data describing the sea depth d at each grid point.

Usually coarse modeling is performed using bathy-

metric data from public datasets, such as the one

derived from satellite altimetry (ETOPO2 bathymet-

ric, 20 grid cell size) (SMITH and SANDWELL 1997), or

the oceanographic synthesis GEBCO (10 grid cell)

(GEBCO 2006). For this study, a bathymetric grid

derived from ETOPO2 has been built in order to

encompass the source area as well as the targets to be

studied (Fig. 1). In order to reduce the computational

time and increase the number of tests, the grid has

been resampled to a 40 cell size. In any case, such a

grid should allow relative comparisons and also

account for the amplification due to significant

bathymetric discontinuities such as submarine ridges.

3.3. The Earthquake Sources

The amplification laws can be tested and compared

with observations gathered after the 2004 tsunami. To

this end, we used two different sources for the

Sumatra–Andaman earthquake (Fig. 2). First, a sim-

plified heterogeneous seismological source (model A)

describing the 2004 earthquake was set up (Table 1)

and successfully tested in detailed modeling for the far

field, namely to discuss the impact in La Réunion

island (HÉBERT et al. 2007). Second, a homogeneous

source accounting for the same seismic moment has

been defined, with a uniform slip all along the fault, as

it may be defined in the minutes following the

earthquake (model B).

For both used sources, the fault geometry consists

of 6 segments characterized by fault slips ranging from

3 to 16 m, yielding a maximum positive seafloor

displacement of 7 m, in the heterogeneous case, and

with a uniform slip of 8.5 m for all subfaults in the

homogeneous case (maximum seafloor deformation is

then 4 m). The strike follows the mean trench azimuth,

while the dip angle is between 12� and 15� from South

to North. The fault width is 130 km, and the depth of

the center is 20 km. The seismic moment is

6.75 9 1022 Nm, equivalent to Mw = 9.2.

3.4. Coastal Amplification Laws

The amplification of tsunamis close to the shores

can be described using the law proposed by GREEN

(1837) which predicts that the quantity gd1/4 remains

3388 H. Hébert, F. Schindelé Pure Appl. Geophys.
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constant (see definitions for g and d in Sect. 3.1),

due to conservation of the wave energy. This

implies that the run-up, if equivalent to gmax taken

at the water depth d0, obeys gmax 9 d0
1/4 = g 9 d1/4,

or gmax = g (d/d0)
1/4. Such an approach obviously

provides an approximation of the wave height as

close as possible to the shore, but not of the actual

run-up which is theoretically measured at the

maximum inundation line.

This kind of law was also extended using a

description of the run-up of linear solitary waves

(SYNOLAKIS 1991; SYNOLAKIS and SKJELBREIA 1993;

SYNOLAKIS and BERNARD 2006) which interestingly

accounts for the mean bathymetric slope b:

R

d
¼ 2:831

ffiffiffiffiffiffiffiffiffiffi

cot b
p g

d

� �5=4

where R is the maximum run-up. In that case, the value

of the mean slope b of the last emerged meters must be

estimated, and may much influence the values of the

run-up. This law was actually further revised and

adapted to work on different waveforms, for instance

using N waves, allowing distinguishing leading ele-

vation or depression waves (TADEPALLI and SYNOLAKIS

1996). Other laws also take into account periodic

waves (PELINOVSKY and MAZOVA 1992) and would also

deserve to be used against the 2004 database.

In the following, we apply only two laws to the

results of coarse tsunami modeling. While the Green’s

law is widely used as a simple formulation of conser-

vation of energy, the Synolakis law used here should

apply only to non-breaking solitary waves. However,

although designed for non-breaking solitary waves, a

theoretical law such as the one by TADEPALLI and

SYNOLAKIS (1996) actually helped to better understand

how, in 2004, the leading depression (toward the eastern

Indian Ocean, hence Thailand) implied an increased

run-up on average, compared to the leading elevation

(toward the western Indian Ocean) (SYNOLAKIS and

BERNARD 2006). The use of the original Synolakis law

should be only considered here as a comparisonwith the

Green’s law, bearing in mind that many limitations

remain when applied to actual tsunami data.

In this study, the basic idea is to retrieve the

tsunami heights computed on coarse grids, taken

along given bathymetric contours (typically within

the last 200–50 m water depths), and then to find

the proper shallow water depth to which the

tsunami height can be extrapolated, depending on

the studied site.

Such an extrapolation approach is used for first order

tsunami amplitude assessment. The Japanese Meteoro-

logical Agency applies an extrapolation to the water

depth of 1 m to assess the expected tsunami heights. It

was also applied for tsunami hazard assessment based

on near field sources, for instance in South Italy, where

the coastal tsunami height can then be easily estimated

with a simplified Synolakis law, expressing the mean

submarine slope cot(b) by the ratio between the

horizontal slope L and the water depth d at the source

(TINTI et al. 2005). It is worth noting thatmore recently a

probabilistic study involving amplification laws

(Green’s law; PELINOVSKY and MAZOVA 1992) was

conducted to assess the tsunami hazard for the Pacific

coastline in central America (BRIZUELA et al. 2014).

4. Application to Several 2004 Tsunami Observation

Databases

4.1. Synthesis of Available Data for the 2004

Tsunami for Various Coastal Sites

The 2004 tsunami in the Indian Ocean provided

detailed and comprehensive databases of tsunami

observations in various coastal contexts, in the near

field as in the far field, along linear shorelines as

around islands. The tsunami databases usually con-

tain the descriptions of the tsunami arrival, of the

water heights, of the run-up heights and the flow

depths (IOC 2013), and of the horizontal inundation

lengths. Flow depths (within the inundated area) and

run-up values (measured inland at the farthest

inundation point) should be cautiously distinguished

since they are not measured at the same point: a run-

up can, for instance, be lower than flow depths at

other points on the inundated area, especially when

the impacted surface is very flat. This is the case in

many 2004 databases, where very low coastal areas

produced run-up values smaller than the flow depths

over the inundated area (LAVIGNE et al. 2009;

BORRERO et al. 2006).
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4.2. Application to Thailand–Myanmar

4.2.1 Observations of the 2004 Tsunami

Thailand coastlines have been heavily affected by the

2004 tsunami, 2 h after the mainshock, and leading to

about 8000 casualties among local residents, and on

very touristic places. A huge amount of direct obser-

vations was besides taken by tourists in pictures, videos,

where the catastrophic tsunami impact and energy are

well shown. Post-event surveys have been organized to

measure the tsunami heights, as early as January 2005,

and have confirmed extreme values amounting to 20 m

near Khao Lak especially (TSUJI et al. 2005, 2006)

(Fig. 3). Only a few run-up values are available, most of

the measurements consist of tsunami flow depths

(tsunami heights inland close to the shore).

By contrast, Myanmar, although located to the

close northern vicinity of Thailand, has been much

less affected, although the tide level was high

(SATAKE et al. 2006), and tsunami heights did not

exceed 3 m here. Using an earthquake source not

extending northwards to latitude 9�N, as in the first

source models following the 26 December main-

shock, was a possible explanation for these

Figure 2
Initial seafloor vertical displacement due to the 2004 earthquake, heterogeneous (a), and homogeneous (b). Parameters are described in

Table 1

Table 1

Parameters of the subfaults used to model the elastic dislocation for the Sumatra earthquake for models A (heterogeneous slip) and B

(homogeneous slip)

Subfault Longitude �E Latitude �N Slip (m) Model A Slip (m) Model B Strike, dip, rake (�) Length (km)

1 92.9 13.0 3 8.5 10, 15, 100 150

2 92.8 10.3 5 8.5 359, 14, 98 450

3 93.1 7.3 12 8.5 345, 13, 95 240

4 93.75 5.4 16 8.5 337, 12, 92 200

5 94.5 3.8 12 8.5 325, 12, 92 200

6 95.6 2.9 3 8.5 300, 12, 92 120

The location (longitude and latitude) refers to the central point of the subfault. The central depth is 20 km, the fault width is 130 km

throughout the rupture, and the rigidity is fixed to 45 GPa. This model is consistent with a seismic moment of 6.76 9 1022 Nm, or a

magnitude Mw 9.16
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contrasting amplitudes (SATAKE et al. 2006), but also

the protection from offshore islands, and the different

bathymetric slopes off Thailand and Myanmar, may

be put forward.

4.2.2 Estimation of Tsunami Heights Using

the Green’s Law

Using both source models described above, we apply

the Green’s law to the Thailand and Myanmar

coastlines (Fig. 4a, b). We modeled water heights

along 3 bathymetric contours offshore (-200, -100

and -50 m), using the coarse bathymetric grid

presented above (results plotted along the different

blue colors on Fig. 4). Then the values extrapolated

to a given water depth d0 close to the shore (-10, -1

and -0.1 m) are computed following the dependence

on h-1/4, for each original deep bathymetry. For a

given extrapolation depth d0 (-10, -1 and -0.1 m),

the obtained values for the 3 bathymetric contours are

very close, their mean deviation being much smaller

than the variations arising from the various extrap-

olation depths d0. The values obtained for the 3 deep

bathymetric contours are thus averaged to yield a

mean profile for a given depth of extrapolation d0
(various gray lines on Fig. 4).

In practice, for the heterogeneous 2004 source

(Fig. 4b), the values computed along the deep bathy-

metric profiles (in blue) amount to 2–6 m at most, with

a maximum clearly evidenced near the value of

360 km (x-axis on Fig. 4), or close to the 9�N latitude

(as seen in Fig. 3). When extrapolated to the various

shallow water depths d0 (plotted along the different

gray lines) the obtained profiles still exhibit a maxi-

mum near this 9�N latitude, where the maximum

observations were indeed reported, in the region of

Khao Lak. For a depth of extrapolation of-0.1 m, the

maximum values reach about 20–24 m, at the location

of the maximum observation of 20 m (Khao Lak). An

interesting result is that the same match is obtained

when considering a homogeneous source (Fig. 4a),

although the fault slip is lowered near the latitudes

from 5�N to 10�N, and increased northwards.

The absolute values obtained for both models differ,

since in the worst case extrapolation to -0.1 m, with

the heterogeneous source, the maximum values reach

24 m (Fig. 4b), while in the other case, they do not

exceed 20 m (Fig. 4a). For the heterogeneous source,

a depth of extrapolation of -1 m allows a better

match to the mean values observed in Thailand near

the distance of 200 km (x-axis on Fig. 4).

Figure 3
Maximum sea elevations from the heterogeneous (a) and homogeneous (b) models, after 4 h of propagation, also displaying several annotated

bathymetric contours. Right tsunami heights measured along the Thailand (south to latitude 10�N) and Myanmar (north to 10�N) coastlines.
The red dots stand for measured run-up values compared to measured tsunami heights (black dots)
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Figure 4
For Thailand andMyanmar, comparison between themeasures and themodeling results extrapolated using theGreen’s law, for the homogeneous

(a) heterogeneous (b) sources, and for the Synolakis law, for the homogeneous (c) heterogeneous (d) sources. Colored blue lines are maximum

computedwater heights along bathymetric contours of-200 (dark blue),-100 (blue) and-50 m (light blue). Extrapolated values following the

Green’s law are displayed for depths of extrapolation of -10 m (light gray), -1 m (intermediate gray) and -0.1 m (dark gray). Extrapolated

values following the Synolakis law are displayed for the mean bathymetric slopes of 3� (light gray), 2� (intermediate gray) and 1� (dark gray)

3392 H. Hébert, F. Schindelé Pure Appl. Geophys.
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In addition, both homogeneous and heterogeneous

models display a very interesting trend, underlining

the area most exposed for this given source region

(Fig. 5). This area, including the Khao Lak and

Phuket heavily damaged coastlines in 2004, is clearly

identified as a very exposed area for tsunamis coming

from this part of the Andaman subduction. This

amplification seems to be related to bathymetric

features favoring focusing of the tsunami energy at

these latitudes, as shown by the maximum tsunami

heights computed offshore that appear focused above

a submarine ridge directed toward the latitude of

Khao Lak (Fig. 5).

4.2.3 Estimation of Tsunami Heights Using

the Synolakis Law

The main difficulty to apply the law proposed by

Synolakis is to estimate the mean submarine slope b.
The analysis of the bathymetry used here in the

shallow area (\200 m) reveals that the slopes are

extremely low for the area off Thailand, not exceed-

ing 1� or 2�.
Contrary to the results using the Green’s law, the

extrapolations for the various original profiles (taken at

z = -200, -100 or -50 m) exhibit a significant

standard deviation, however, smaller than the one

obtained depending on the slope. We computed the

average of the 3 results obtained with the 3 deep

contours, to concentrate on the variability upon the

bathymetric slope. The results (Fig. 4c, d) show that

the overall trend is satisfactory using a mean bathy-

metric slope from 2� to 3�, thus probably exceeding the
actual bathymetric slope (as estimated from the grid

used coming from ETOPO2). Here again, the hetero-

geneous model yields higher values than the

homogeneous model, due to the higher slip concen-

trated near latitude 8�N.But as above, the general trend
obtained reveals the maximum impacted area, near

latitude 9�N.

4.2.4 Conclusions for the Thailand–Myanmar Case

We analyzed the 2004 database along the Thai-

land–Myanmar coastline, and compared it with the

first order modeling results performed on a coarse

grid. Some remarks can already be made. Even

though the parameters estimated for both Green or

Synolakis laws may depend on the grid resolution

(here 40), for the Green’s law, extrapolations to

water depths of 1 m satisfactorily fit the mean

observed run-up values, while extrapolations to

0.1 m yield a reasonable distribution for the

observed flow depths. The bathymetric slope to

consider in the Synolakis law is close to the actual

one, actually rather steeper. As for the tsunami

Figure 5
Maximum tsunami heights computed after 4 h of propagation toward Thailand and Myanmar, with the heterogeneous source model (a) (left)

and the homogeneous source model (b) (right). Note the location of Khao Lak in front of a focusing bathymetric ridge
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impact in these areas, the submarine bathymetry off

Thailand certainly played a key role in focusing

energy toward Phuket and Khao Lak, as was

already observed in previous studies (SATAKE

et al. 2006).

In the following, we will further check whether

these parameters obtained for Thailand–Myanmar

can also apply to other coastlines, especially at

farther distances, using the same earthquake sources

and the same coarse modeling. Since numerical

dispersion in the numerical modeling may increase

the attenuation of computed amplitudes, these

parameters may be consequently revised for other

coastlines.

4.3. Application to India and Sri Lanka

4.3.1 Observations of the 2004 Tsunami

Observations gathered after the 2004 tsunami, and used

here (Fig. 7), consist of run-up values measured along

the southeastern coast of India (JAYAKUMAR et al. 2005),

and ofwater heights including run-up, around Sri Lanka

(LIU et al. 2005;GOFF et al. 2006). In India, themeasures

are reported as real run-up values (taken at the

inundation limit), and range from 2 to 6 m approxi-

mately. In Sri Lanka, only a few run-up measures are

available, reaching the maximum values of 9–13 m,

while most of the flow depths range from 2 to 6–8 m.

The largest tsunami heights are observed in the

southern part of Sri Lanka where a run-up of about

13 m has been reported (Yala region). On the western

coastline, the observed tsunami heights are about

4–6 m and can be explained through detailed numer-

ical modeling (POISSON et al. 2009).

The maximum water heights computed off India

and Sri Lanka (Fig. 6), for the homogeneous source,

display two areas of higher impact, the first near

latitude 11–12�N, off Pondicherry (Tamil Nadu), and

the second off the south of Sri Lanka, near latitude

5�N. These two latitudes are also the places where the
impact of the tsunami was the highest. Using the

heterogeneous source slightly changes that pattern,

lowering the impact near the latitude 11�–12�N, but
strengthening the impact to the south of Sri Lanka,

corresponding to the reinforced slip in the central part

of the earthquake rupture.

4.3.2 Estimation of Tsunami Heights Using

the Green’s Law

Using the same tsunami modeling results as for the

Thailand case, the tsunami heights extrapolated to

various sea depths have been computed, for the two

earthquake sources considered. When the heteroge-

neous source model is used, the extrapolated values

(Fig. 7b) are higher for the southern Sri Lanka area, in

good agreement with the observed trend of the tsunami

heights, whereaswhen the homogeneousmodel is used

(Fig. 7a), the highly impacted area is located to the

latitude 12�N,moreover quite in disagreement with the

observations. This may also confirm that the slip in the

northern extremity of the rupture was not that high as

the value chosen for this homogeneous model.

Regarding the absolute values obtained, the depths

of extrapolation of -10 and -1 m are sufficient to

properly adjust the mean observed trend. This is quite

in agreement with the study off Thailand, but rather

more pronounced here, since the depth of extrapola-

tion of -0.1 m is clearly overestimating the observed

values for Sri Lanka and India. This is even worse

for India data, where the extrapolation yields too

large values for depths of extrapolation shallower

than -10 m. In India, the available data are run-up

values only, thus flow depths may have been locally

much higher, but no information was available to

give more precision. In addition, the coastal feature

near latitude 11�N–12�N, which corresponds to a less

pronounced and milder slope offshore, with a more

concave pattern for the submarine bathymetry, seems

to favor modeled tsunami amplification for those

latitudes: this is, however, not confirmed by the data

available here, which are thus more consistent with a

moderate source fault slip near 10�E.
In Sri Lanka, both available observations and our

models are consistent with a maximum value in the

southern extremity of the island, a rather different

pattern than the modeling results obtained in another

study where this place appears as less impacted

compared to the western and eastern coastlines

(POISSON et al. 2009). For the western shoreline, it

seems that the extrapolation value of 0.1 m better

compares well with the modeling performed in the

data and detailed results obtained for the southwest-

ern coast of Sri Lanka (POISSON et al. 2009).
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4.3.3 Estimation of Tsunami Heights Using

the Synolakis Law

Using the same mean bathymetric slopes as for the

Thailand case study, the extrapolated values

(Fig. 7c, d) exhibit a trend very close to the one

obtained for the Green’s law, again underlining the

importance of the source heterogeneity, and stress-

ing the maximum impact in the southern part of Sri

Lanka, and off Pondicherry (Tamil Nadu). As in

the Thailand case study, the bathymetric slopes

requested to better fit the observations should be

close to 3� at least.

A more detailed analysis of the bathymetry off Sri

Lanka and India reveals that the continental shelf is

narrower than off Thailand, and that submarine slopes

within the shelf are very low, and very similarly close

to 1�–2�. But the border of the submarine shelf is rather

steeper and reaches more than 5�–7�, over distances of
a few tenths of kilometers. This may explain why a

steeper mean slopemust be taken into account to better

fit the data with the Synolakis law.

4.3.4 Conclusions for the India–Sri Lanka Case

The results show that the parameters used to fit data

for India and Sri Lanka slightly differ from the ones

used for Thailand, since extrapolation depths lower

than 1 m are not requested here. As for the Synolakis

law, taking into account mean slopes larger than 3�
are satisfactory.

The source heterogeneity also plays a more

important role than in the Thailand case. This is

understandable since the tsunami spreading at dis-

tance implies a high dependence on the initial slip

latitudinal contrasts, for the kind of distant impacted

points studied in Sri Lanka and India. In Thailand, the

same source heterogeneities produce less contrasted

tsunami heights, all the more as the observed highest

values in Thailand are confined within less than

200 km. In Sri Lanka and India, these source

heterogeneities imply distinct peaks of amplitude at

least 500 km apart, and the heterogeneous model

allows to better fit the large observations in south Sri

Lanka and the more moderate observations off India.

Figure 6
Central panels maximum sea elevations from the heterogeneous (a) and homogeneous (b) models, after 4 h of propagation, also displaying

several annotated bathymetric contours. Left and right synthesis of the observations gathered in eastern India (JAYAKUMAR et al. 2005) and Sri

Lanka (LIU et al. 2005) following the 2004 tsunami
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4.4. Application to Madagascar

4.4.1 Observations of the 2004 Tsunami

TheeasternMadagascar shoreline has been significantly

impacted by the 2004 tsunami, with run-up values from

1 to 5 m very locally, but generally comprised between

2 and 3 m (Fig. 8), and with a child drowning to be

deplored. Local resonance phenomena led to strong

disturbances in the harbor of Toamasina, near latitude

18�S (OKAL et al. 2006a). While the western shoreline

Figure 7
For Sri Lanka and SE India, comparison between the measures and the modeling results extrapolated using the Green’s law, for the

homogeneous (a) heterogeneous (b) sources, and for the Synolakis law, for the homogeneous (c) heterogeneous (d) sources. Blue and gray

color scales as in Fig. 4
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was poorly impacted, some doubts remain on the

southernmost shore where local edge waves may have

produced damage (Okal et al. 2006a).

4.4.2 Estimation of Tsunami Heights Using

the Green’s Law

The homogeneous source model (Fig. 9a) underesti-

mates the maximum tsunami height observations, even

for the shallowest depths of extrapolation, by a factor of

almost 2. However, the overall trend is well reproduced,

underlining the larger tsunami impact along the south-

easternmost shoreline. This discrepancy could be

discussed with respect to the fact that most of the

observations used here are run-up values, contrary to the

previously studied sites where they mostly consisted in

tsunami flowdepths. But above all, the observed absolute

values considered in Madagascar (from 2 to 4 m on

average) are much lower than the two previously studied

sites, thus the obtained results are quite satisfactory as far

as the relative ratios are concerned.

Using the heterogeneous model (Fig. 9b) improves

the fit by enhancing the computed impact to the South.

Only the extreme values to the South cannot be

satisfactorily fit. As for La Réunion Island (location on

Fig. 1) (HÉBERT et al. 2007), this source is most probably

more realistic for these remote targets, because the

highest slip off North Sumatra, in the southern central

region of the rupture, contributes tomore tsunami energy

toward this region of the Indian Ocean.

4.4.3 Estimation of Tsunami Heights Using

the Synolakis Law

Again the same parameters have been applied to

study how the Synolakis law can reproduce the

overall trend of the 2004 observations in Madagascar.

As for the Green’s law, the heterogeneous model

(Fig. 9d) better fits the observation distribution than

the homogeneous source (Fig. 9c), but still the

extreme values to the South are not well explained.

Using a very low slope of 1� allows fitting well

the observed trend. In this case, the extrapolation

must therefore be reinforced. And it is worth noting

that the submarine slopes off Madagascar are rather

steeper than in the two previous studied areas: south

to 20�S, they reach 3�–4�, but north to 20�S a narrow

shelf break displays slopes from 5� to 7�. These

Figure 8
Synthesis of the observations gathered in Madagascar (OKAL et al. 2006a) following the 2004 tsunami. The left panel displays the maximum

water heights computed after 10 h of propagation, using the heterogeneous (a) and homogeneous (b) source models. Run-up values are in red,

flow depths in black
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Figure 9
For Madagascar, comparison between the measures and the modeling results extrapolated using the Green’s law, for the homogeneous

(a) heterogeneous (b) sources, and for the Synolakis law, for the homogeneous (c) heterogeneous (d) sources. Blue and gray color scales as in

Fig. 4
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contrasting slopes are in good agreement with the

contrasting observations in north and south Mada-

gascar, but they also confirm that the extrapolation

method is not able to fit the data for such realistic

slopes.

4.4.4 Conclusions for the Madagascar Case

For both employed methods, the extrapolated models

tend to underestimate the observations, especially

when the fault slip model is simply homogeneous.

Using a heterogeneous model improves the fit, except

for the extreme values observed in the southern part

of the island.

A reason for the general discrepancies between the

extrapolated models and observations may also come

from the tsunami model used in this study: at such

propagation distances, the numerical dispersion may

appear due to the use of coarse grids, and this may have

further reduced the computed amplitudes, compared to

Thailand and Sri Lanka. Such a bias could also be taken

into account. Nevertheless the method reproduces well

the relative, overall trend of the data, with larger values

to the south than to the north, and with locally higher

tsunami heights near latitude 14�S.

5. Proposition for a Statistical Analysis

The first aim of this study, discussed in the pre-

vious section, was to test amplification laws against

actual observations gathered during a specific, well

documented event, the 2004 tsunami. A second

objective is to study a series of earthquake scenarios

to assess the variability of their impact for a given

coastline. To this end, we conducted a study based on

several scenarios in the Andaman Sea and along the

Sumatra–Java trench, using magnitude Mw 9.0

events, larger than the March 2005 earthquake which

generated a very weak tsunami (GEIST et al. 2006).

Figure 10
Initial coseismic deformations for the Mw 9.0 earthquakes for the statistical test
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This level of magnitude is not corresponding to the

worst case scenario which could amount to

Mw = 9.3. Nevertheless, the second largest earth-

quake that occurred in the last decade is the Tokoku-

Oki event on March 11 2011 (KOKETSU et al. 2011)

and it reminds us of the possibility of magnitudes

above 9.0 in places where they were not foreseen at

all. In addition ZACHARIASEN et al. (1999) have sug-

gested that the giant Sumatran subduction earthquake

that occurred on November 24 1833 had an 8.8–9.2

Figure 11
Mapping of the possible tsunami heights to be expected along the Thailand and Myanmar coastline, for the different scenarios

Figure 12
Maximum impact along Myanmar and Thailand, for 4 different Mw 9.0 earthquakes in the Andaman–Sumatra subduction zones, amplified

using the Green’s law
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Mw magnitude. We considered in this study that a

magnitude Mw 9.0 earthquake should be therefore

expected all along the Sumatra and Java trenches.

The rectangular sources used are 650 km long and

130 km wide, with a uniform fault slip amounting to

10 m, and an 11� dip angle (Fig. 10). Then the

extrapolations have been carried out using the Green’s

law only.

5.1. The Thailand–Myanmar Case

The estimated impacts can be mapped onto the

source areas, in order to represent the variability of the

source with respect to the tsunami heights generated, for

a given exposed shoreline (Fig. 11). We applied the

same extrapolation depths as those previously validated

against the 2004 data, i.e. using 0.1–1 m. Obviously this

Figure 14
Maximum impact along SE India and Sri Lanka, for 4 different Mw 9.0 earthquakes in the Andaman–Sumatra subduction zones, amplified

using the Green’s law

Figure 13
Mapping of the possible tsunami heights to be expected along the SE Sri Lanka and SE India coastlines, for the different scenarios
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mapping does not provide any information on the

variability of the impact along the studied shoreline, but

it allows identifying the threatening source areas on

average. As expected, none of the sources located

southeast to Sumatra produces any impact to Thailand

and Myanmar coastlines.

The maximum value of the 4 scenarios exhibits a

maximum of 15–18 m near Khao Lak in Thailand

(Fig. 12), underlining the important exposure of the area

to tsunami hazard, as already observed during the 2004

event (Figs. 4, 5). To a lesser extent the Myanmar coast

from the distance 600 to 700 km (x-axis) also offers an

important exposure of 7–8 m (near latitude 12�N).
The maximum value along the shoreline stresses

again the different behavior of Thailand andMyanmar,

mostly due to the bathymetric pattern off these coasts.

5.2. The India–Sri Lanka Coastline

Regarding SE India and Sri Lanka, representing

the tsunami impacts onto the source map stresses

that the most threatening Mw 9.0 sources are

located off Andaman and Sumatra (Fig. 13). The

sources located south of Java have a very moderate

impact (\1 m) and those located further eastwards

have no impact.

The maximum values of the scenarios reach

15–25 m and are much higher in SE India, north to

latitude 12�N (Fig. 14). In comparison with the 2004

event, the source which contributes most to this

amplification is located near the Andaman Islands.

5.3. The Madagascar Coastline

This last example (Fig. 15) is more comprehen-

sive because seven different scenarios produce an

impact along the studied shoreline. Looking at the

distribution along the shoreline (Fig. 16), the most

influencing sources are CALC3, CALC4 and

CALC5, and yield, for the worst case (CALC5),

maximum tsunami heights exceeding 5 m in Mada-

gascar. Both sources CALC4 and CALC5 are located

in a similar direction, as seen from Madagascar, and

Figure 15
Mapping of the possible tsunami heights to be expected along the Madagascar coastline, for 8 different scenarios
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no attenuation of tsunami waves occurs due to

archipelagos. The CALC8 and CALC9 sources

located to the east do not produce significant heights.

Finally, a preliminary statistical treatment has

been applied to all the series obtained from the

extrapolations performed with the Green’s law

(Fig. 17). The idea is to be able to discuss this

variability of the impact along a given shoreline. The

eight Mw 9.0 scenarios have been used to estimate the

25-th quantile, the median value, the 75-th quantile

and the maximum values of the modeled impacts

reached along the shoreline. This underlines the more

pronounced hazard of South Madagascar with respect

to North Madagascar for tsunami sources coming

from Sumatra. The median value is lower than 3 m

throughout the shoreline, but as the fit using an

extrapolation depth of 0.1 m was still underestimat-

ing the observations for south Madagascar, this value

may be a minimum. 75 % of the scenarios are lower

than 4 m, while 25 % of the scenarios are lower than

1.5–2.0 m. The maximum values remind us that the

maximum tsunami heights probably range from 5 to

6 m, thus higher than in 2004.

The northern part of Madagascar seems to be

more protected from these tsunamis, as in 2004 where

the Mascarene Plateau may have played a protective

role, and in addition the contrasting mean bathymet-

ric slopes also protect north Madagascar more than

Figure 16
Results of coarse modeling (in blue) and extrapolation to various water depths using the Green’s law, for the 8 sources studied, and for the

Madagascar coastline. The color codes are as in Fig. 4 and subsequent
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Figure 17
Statistical assessment of the tsunami variability along Madagascar, for 8 different Mw 9.0 earthquakes along the Andaman–Sumatra

subduction zone
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south Madagascar. However, it is worth noting from

the observations in 2004 near latitude 18�S that

tsunamis heights from 1 to 2 m can lead to resonance

and severe harbor disturbances.

It is also to be mentioned that the magnitude 8.7

March 2005 tsunami (close to, but smaller than the

CALC4 used here) was almost unnoticed in Mada-

gascar, possibly because it arrived at night, but also

because it was a very weak tsunami (OKAL et al.

2006a) due a coseismic displacement mainly under

islands (Geist et al. 2006).

6. Discussion and Conclusions

The analysis of the 2004 tsunami observation

databases for 3 selected areas (Thailand–Myanmar,

India–Sri Lanka, and Madagascar) has been com-

pleted. The distinction between run-up and flow

depths must be stressed since the run-up values are

not always the maximum values. Using these data-

bases, and modeling results obtained using an

offshore low resolution bathymetric grid, from which

values are taken along constant depth bathymetric

contours, we attempted to fit the observations using

either the Green’s law or the Synolakis law. The fit is

satisfactory in terms of observation variability along

the shoreline, and, in many cases, the obtained factor

of amplification can be related to particular focusing

or defocusing bathymetric features.

Relative higher impacts are well reproduced for

some specific sites (Khao Lak, South Madagascar)

with respect to other less impacted areas. However,

the absolute values are best fit for a set of parameters,

mostly similar for all cases in the near field (less than

2 h of propagation), yet slightly different in the far

field (Madagascar). This may also be accounted for

by the increase of numerical dispersion along with

the propagation distance, and thus by a more pro-

nounced spreading for the far field.

When high resolution tsunami models are avail-

able, this method can be compared to accurately

computed tsunami heights. Most of the amplitudes

we obtain with our approach fall well within the

range of these highly resolved models, although some

specific minimum results in south Sri Lanka are not

reproduced here (POISSON et al. 2009). Since a similar

trend is also observed in other studies (LØVHOLT et al.

2006), probably our model is not accurate enough for

the southernmost extremity of Sri Lanka.

Our previous study on La Réunion island could

unfortunately not be compared here (HÉBERT et al.

2007) since the 40 bathymetric grid used was not able

to account for the detailed bathymetric features

around the island (whose spatial extent does not

exceed 40 km). However, we were able to apply the

same method to another 300-m grid, and in that case,

an extrapolation to 10 to 1-m contours was sufficient

to account for the overall distribution of the few

observations available (OKAL et al. 2006b).

Using several scenarios toward the same target, a

statistical assessment of the tsunami variability can

be proposed, and this was tested more in detail in

Madagascar where 8 scenarios can be studied. In this

preliminary study, the method allows to map the

expected tsunami heights for a given source, or,

conversely, to map the overall trend of the expected

tsunami heights along the studied shoreline. In brief,

the results obtained here underline that:

• Thailand is more exposed to tsunamis than Myan-

mar. Sources involving Mw 9.0 earthquakes in the

Andaman Sea can generally produce tsunami

heights much greater than 10–15 m, especially in

Thailand, and even more pronounced for the region

near Khao Lak, where the submarine morphology

seems to contribute to a significant amplification,

• SE India ismore exposed thanSri Lanka,with heights

greater than 10 m, mostly because of the Mw 9.0

scenario located in the Andaman Sea, but moderate

threat from southwards scenarios also exists,

• Madagascar is essentially exposed for its south-

ernmost coasts, where the Mw 9.0 scenarios may

produce maximum tsunami heights of 4–6 m.

A statistical assessment has been tried here for

Madagascar, which relies on 8 scenarios only, con-

firming, however, the maximum hazard for South

Madagascar. Such an approach could be similarly

applied for more numerous, smaller earthquakes to

assess tsunami hazard along a given shoreline, for a

specific level of magnitude.

Our study also contributes to show some of the

uncertainties inherent in the use of amplification

laws in the operational context. Indeed, the laws
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to be applied should depend on the various

parameters influencing the results; hence they

have to be defined according to each coastline.

Some places are well known to amplify more the

tsunamis (for instance, depending on the sub-

marine morphology), and the operational approach

should account for these regional conditions

(REYMOND et al. 2012).
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ROGER, and A. LOEVENBRUCK (2009), The 15 August 2007 Peru

earthquake and tsunami: influence of the source characteristics

on the tsunami heights, Pure and Applied Geophysics, 166, 1–2,

211–232.
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TIERREZ, A. MONNIER, P. ROUDIL, D. REYMOND, and L. RIVERA

(2015), Implementation and Challenges of the Tsunami Warning

System in the Western Mediterranean, Pure and Applied Geo-

physics, 172, 821–833.
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