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The 26 December 2004, earthquake of magnitude Mw~9.3 had generated large tsunami waves that traveled large 
distances lying along the rim of the Indian Ocean, Bay of Bengal and Arabian Sea and as far as the west coast of Americas 
causing large scale devastation. The seismicity pattern of the fault zone has been modeled by several authors, and it is seen 
that the fault rupture can be divided into three segments. The aftershock sequences have been analyzed, using the fractal 
approach, for three segments independently. The first segment of 500 km long is the zone of the fastest rupture and has the 
largest fractal dimension of about 2.10 implying that the fault rupture is two dimensional. This region has a lower b value 
indicative of high stress regime. In this paper the fastest rupture zone has been considered for the generation and propagation 
of the tsunami waves. The tsunami wave propagation has been modeled using the nonlinear form of long wave equations. 
The governing equations are expressed as the partial differential equations which have been solved numerically using the 
finite differences and the tsunami wave heights have been computed at two Gauge locations i.e at Chennai and 
Visakhapatnam. The wave heights at Chennai and Visakhapatnam have been compared with the tidal data observed at two 
of these locations. Results show that the arrival times and the magnitude of the wave heights are seen to be in agreement. 
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Introduction 

The Earthquake of Dec 26, 2004, triggered giant 
tsunami which propagated throughout the Indian 
Ocean, (Fig. 1) was the most destructive tsunami 
experienced. There are several questions which are 
being addressed and looked into by the scientific 
community as this event has drastically changed the 
understanding of the hazard associated by the 
Tsunamis. Understanding and quantifying all different 
aspects of this event needs to be documented. The 
earthquake occurred in a tectonically active region 
where the Indian plate is subducting beneath the 
Burmese plate in the Sunda trench. Detailed studies 
on the rupture process of this earthquake has been 
reported1,2. The aftershock activity of this earthquake 
is still continuing till date, probably due the structural 
readjustments. 

The impact of the tsunami was more visible 
towards Bay of Bengal and Arabian Sea rather than at 
higher latitude’s mainly because the earthquake 

occurred at a point that was land locked, more or less 
from three sides. In the Indian Ocean the tsunami 
wave propagation was controlled significantly due to 
reflections. For instance, the Kerala coast line (SE 
coast of India) was affected by reflections from the 

 
Fig. 1—Regional tectonics of the Sumatra and adjoining areas 
along with Epicenter of the main shock 
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Lakshadweep Islands. The sustained high water level 
in the Andaman and Nicobar Islands could be also 
due to the reflection of direct tsunami waves and 
trapping of wave energy. They traveled and arrived in 
North of Sumatra within half an hour after the 
earthquake and a few hours later they reached 
Thailand, Sri Lanka, India and Maldives and after 
about ten hours the tsunami reached the east coast of 
Africa. 

Recently a publication on the 2004 Tsunami from 
an Indian perspective3 discusses several aspects of the 
effect of Tsunami on the East and West coasts of 
India. Dimri & Seivastava4 have made a review on 
modeling techniques of tsunami propagation. The 
aftershock activity has been analyzed by Ramana et 
al.5 for the spatial variation of the b values which is 
generally dependent on stress regime, material hetero-
geneity and temperature. In this paper the fractal 
dimension of the aftershock activity (Fig. 2) has been 
analyzed and the Tsunami propagation of the 2004 
event has been modeled and the wave heights at 
Chennai (Madras) and Visakhapatnam have been 
computed. 

 
Materials and Methods 

Frequency-magnitude relation of earthquakes—
The frequency-magnitude relation of earthquakes is 
characterized by the Gutenberg–Richter6 power law 
and which is expressed as 
 
log a b *N M= −  … (1) 
 

where N is the cumulative number of earthquakes 
with magnitude equal to or larger than M and a and b 
are constants for a given region that may vary in 
space and time. The constant b, is the slope of the log-
linear relation and is known as b-value7,8. Often, 
instead of using the magnitude M, the log of seismic 
moment or the log of energy of the seismic event is 
used. 

The Gutenberg–Richter power law6 relation holds 
good for aftershock sequences too9. Depending on the 
tectonic setting, the stress and the magnitude ranges 
the b-value generally varies from 0.5 to 1.5. It is 
observed that for seismically active regions the value 
is close to 1. Further, it may be noted that b-value can 
be attributed to the stress distribution after the main 
shock. The lower b-value indicates higher shear stress 
and higher b-value is for occurrence of slip10. 

The b-value of any region can be computed using 
methods like linear least squares regression or by the 

Maximum Likelihood Method (MLM). The most 
robust and widely accepted method is the MLM 
where the b value is calculated using the formulae11. 
 

10

min min

log 0.4343b e
M M M M

= =
− −

 … (2) 
 

where M is the average of magnitude and is 
the minimum value of the magnitude for a given data 
set. 

minM

 
 

Fig. 2—Seismicity of Sumatra earthquake (A) Zone – 1  
(B) Zone – 2 (C) Zone – 3 and (D) Zone –4 
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The b value has also been related to the fractal 
dimension as 
 

b c *
3
D

=  … (3) 
 

where D is the fractal dimension and c is a constant 
determined from the slope of the log moment versus 
the magnitude relationship12,13.The value of c is 
normally taken to be 1.5 but in some cases such as in 
case of crystalline rocks the value is close to 3. 

Mathematical modeling of tsunami waves—
Tsunamis are long waves which are mainly generated 
by the movement of sea bottom due to earthquakes. 
The vertical acceleration of water particles are 
negligible compared to the gravitational acceleration 
except for an oceanic propagation of tsunamis. Thus 
the vertical motion of water particles has no effect on 
the pressure distribution. 

Neglecting the vertical acceleration the equations 
of mass conservation and momentum in the three 
dimension can be expressed as14: 
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where x and y are horizontal axes, z the vertical axis, t 
time, h the still water depth, η the vertical 
displacement of water surface above the still water 
surface, u, v and w are water particle velocities in the 
x, y and z directions, g the gravitational acceleration, 
and τij the normal or tangential shear stress in the i 
direction on the j normal plane. Equation of 
momentum in the z-direction with the dynamic 
conditions at a surface that p= 0 yields the hydrostatic 
pressure as ( )p g zρ η= − . 

The dynamic and kinetic conditions at surface and 
bottom are given as follows: 
 

0=p   at z= η  … (5) 
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Integrate Eq. (4) from the bottom to the surface by 
Liebnitz rule and applying the dynamic and kinetic 
conditions we obtain the shallow water equations. For 
example, the first term of the momentum equation in 
the x-direction is rewritten as follows: 
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The two dimensional equations obtained are 
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where D is the total water depth given by h+η, τx and 
τy the bottom frictions in the x- and y- directions, A the 
horizontal eddy viscosity which is assumed to be 
constant in space, the shear stress on a surface wave is 
neglected. M and N are the discharge fluxes in the x- 
and y-directions which are 
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The bottom friction is generally expressed as 
follows 
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where f is the friction coefficient. The friction coeffi-
cient f and Manning's roughness n are related by 
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f becomes rather large when the total depth D is small 
as n remains almost a constant. The bottom friction 
terms are then expressed by 
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Using the above equations, the fundamental 
equations are expressed as follows 
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These equations were used to study the propagation 
of tsunami waves. To model the Tsunami wave, the 
code is developed based on finite difference 
technique, adopting the Leep-Frog scheme15,16. 

After the Great Sumatra earthquake there has been 
intense seismic activity which is continuing till date. 
Considering the magnitude >4.0, the sequence of 
about 3000 aftershocks is used for analysis. The 
earthquake hypocentral parameters have been 
obtained from the NEIC data base17 for a period  
of  one  year since  the  occurrence  of  the  main  event. 

 
 

Fig. 3—Fractal analysis of the fault zones 
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Fig. 4—Tsunami propagation at different times 
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Figure 1 shows the regional tectonics of the Sumatra 
region along with the epicenter of the 26 Dec 2004 
main shock. Several researchers have studied and 
analyzed the seismic activity as there was a burst of 
seismicity in the region after the main shock. The 
total fault rupture of the main shock in this region was 
about 1300 km long. According to Ramana et al.5  
a) total fault zone is segmented into four zones i.e., 
three rupture zones (zone-1, Zone-2, zone-3) and a 
back arc seismcity (zone-4) (Fig. 2), b). the respective 
b values of corresponding zones are 0.946, 0.963, 
0.972, and 1.21 and c). indicated that the rupture 
processes has no significant bearing on the frequency-
magnitude relationship. 

 
Results 

In order to understand the dynamics of the region 
in detail the fractal analysis is carried out in the 
present study using the ZMAP Software package18 the 
fractal dimension is obtained for all the zones. It is 
observed that zone 1 has maximum fractal dimension 
of about 2.10, Zone -2 it is 2.08, Zone-3 it is 2.04 
whereas for the back arc seismcity region it is seen to 
be lower i.e 1.91 (Fig. 3). 

The Tsunami waves were modeled using the 
Tsunami N2 formulation14. The source parameters for 
the 2004 Sumatra earthquake19-21 were strike angle = 
340o, fault length = 500 km, width of the fault = 190 
km, focal depth = 25 km, dip angle = 8o, slip angle = 
110o, displacement= 20 m. For these parameters the 
tsunami propagation is carried out. Two gauge 
locations are considered i.e one at Chennai and the 
other at Visakhapatnam. Figure 4 shows the tsunami 
propagation at two different times i.e at the origin and 
after 4 hours. Figure 5 shows the wave heights at 
Cheenai and Visakhapatnam. It is noticed that at 
Chennai the wave height at the gauge is around 85 cm 
and the wave reached after 2 and half hour. It is seen 
to be in agreement with the tidal data that has been 
observed at this location22. Also at Visakhapatnam the 
tsunami reached after almost 2 hours 45 minutes and 
the wave heights was around 58 cm. 

These wave heights computed can be used to 
understate the kind of damage the Tsunami can cause 
once they reach the land. It is generally observed that 
when the wave arrives on land it will be 8 to 10 times 
greater than that of the gauge. On the east coast of 
India the observed run up heights were between  

 
 

Fig. 5—Wave heights at Chennai and Visakhapatnam: observed and computed 
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4 to 6 m. Our modeling results seem to be in 
agreement with the observations of the 2004 Tsunami. 

 
Discussion 

On 26th December 2004 Indian Peninsular tsunami 
was triggered by an earthquake of magnitude 9.0 at 
3.4° N, 95.7° E off the coast of Sumatra at 06:29 hrs 
IST. In order to understand the seismotectonics of this 
region, detailed fractal analysis of the aftershock 
activity has been carried out. A distinct spatial pattern 
is evident from the linear log-log plot i.e. the power 
law and is exhibited in all the zones. Linearity is seen 
to exist for a scale length of < 1 km in all the four 
zones. Comparing the b values obtained for these 
zones5 with the fractal dimension we see a correlation 
in all the three zones i.e zone-1, zone-2 and zone-3, 
i.e b is approximately equal to 2D. However such a 
scenario is not evident in Zone-4. The reason for a 
high b value in the back arc spreading center has been 
attributed to a region of normal earthquakes in 
comparison to thrust or strike slip mechanism in the 
Sumatra subduction zone. This also indicates that 
Zones 1, 2, and 3 are thrust type earthquakes which 
are also observed from the focal mechanism solutions, 
which is a prerequisite for the generation of Tsunami. 
Further for any Tsunami modeling it is necessary to 
have reliable focal mechanisms and this can be 
inferred from the focal mechanism solution’s and the 
seismotectonic studies of this region. The fractal 
dimension has also been obtained for all the four 
zones together which is around 1.9 indicating that the 
fault ruptures are two dimensional in nature. 

The Tsunami waves traveled in the Indian Ocean 
and the wave propagation was controlled significantly 
due to reflections. They travelled and arrived in at 
different times at different locations on the Indian 
coast, for example they reached Chennai at 08.45 hrs 
i.e about 2 hours 16 minutes after the earthquake and 
Visakhapatnam around 09.05 hrs i.e about 2 hours 36 
minutes. In this paper the Tsunami waves were 
modeled for the source parameters and the estimated 
time of arrival of these waves are obtained and seen to 
be in agreement with the observed tidal data. Also the 
wave heights tally with the tidal data that was 
observed at those locations. 
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