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Abstract

The major seismicity source in the northern Arabian Sea is the Makran Sub-
duction Zone (MSZ) that defines the tectonic boundary between the Arabian
plate and the Eurasian plate, located offshore Iran and Pakistan over which an
instrumentally registered earthquake (M, 8.1) generated a tsunami on 27 No-
vember, 1945. It has caused severe cataclysm to a vulnerable population along
the surrounding coastlines, including India. It has been on a long seismic
quiescence since this last event. The population and industrialization have
exponentially increased along the coastal areas in last half decade. The highly
exposed coastal locations to the tsunamis are the areas where the nuclear
power plants are located. In the present work, a numerical simulation of a
great tsunamigenic earthquake (A49) is presented that predicts the generation,
propagation, run-up and travel time using TUNAMI N2 for estimating tsu-
nami impacts along the nuclear power plants of the western coast of India.
TUNAMI N2 code was designed for shallow water wave equations, which uses
the finite-difference method based on staggered-leap frog scheme. Thus, it has
potential to simulate a far-field tsunami with much more accuracy than other
methods. It is observed that the tsunami will strike along the coast of Jaitapur
Nuclear Power Plant (Maharashtra), Tarapur Nuclear Power Plant (Maha-
rashtra), Kaiga Nuclear Power Plant (Karnataka) and Mithi-Virdi Nuclear
Power Plant (Gujarat) after 210, 215, 225 and 230 minutes, respectively. Re-
sults show that the tsunami run-up is highest for Jaitapur coast (2.32 m). The
Mithi-Virdi coast is the least effected (0.93 m) while Kaiga (2.15 m) and Ta-
rapur coast (2.12 m) might have faced quite intense tsunami consequences.
The arrival times and run-ups of the tsunami along the coast of different
power plants have been calculated since these parameters are of vital impor-
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tance in mitigation of the coastal hazard, evacuation planning and installation
of early warning system in order to save the inhabited communities from the
disaster.
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1. Introduction

The Sumatra 2004 tsunami was the most devastating ever in the history of tsu-
nami hazard that had wiped out nearly 225,000 lives [1]. It has shaken the scien-
tific community and compelled it to rethink about the hidden disaster locations.
In the gulf of Arabian Sea (North-Western Indian Ocean), there is another his-
torical record along Makran Subduction Zone (MSZ) where the largest in-
strumentally recorded tsunami was triggered by an earthquake (A4 8.1) on
November 27, 1945 due to a thrust mechanism [2] [3]. It had severely damaged
the nearby coastal cities and a total loss of 4000 lives was reported from these
coasts [4]. According to the eyewitnesses, tsunami stroked the Gujarat coast like
a fast high tide and the first wave of the tsunami approached (local time) on Sal-
sette Island in Mumbai at 8.15 am with a run-up height of 2 meters; the tsunami
spread out on to the south of Mumbai and caused 15 casualties [5]. The Arabian
plate is deforming along the MSZ and subducting underneath the Eurasian plate
at about 4 cm/yr. Recent research shows the staggering potential of MSZ to trig-
ger a tsunamigenic earthquake of magnitude ranging from 8.7 to 9.2 [6] that can
result a catastrophic impact in the coastal localities around the whole Arabian
Sea in future. The Kalpakkam Nuclear Power Plant was affected by 2004 Suma-
tra tsunami and remained closed for few days [7]. Generally, the power plants in
India are built in the low seismic regions. However, the power plants situated on
the western coast may be affected by a future tsunami as they were designed
before 2004 Sumatra event. Therefore, during the construction, they were not
imparted that required resilience against tsunamis. Hence, a precise tsunami
modeling scheme is of crucial importance for predicting the ramifications on
these power plants due to the anticipated tsunamic event. In the present re-
search, TUNAMI N2 model [7] is used to generate tsunami propagation maps,
arrival time and run-up estimates to delineate the tsunami impacts on the four
nuclear power plants location, ie Mithi-Virdi Nuclear Power Plant (MVPP),
Gujarat; Tarapur Nuclear Power Plant (TNPP), Maharashtra; Jaitapur Nuclear
Power Plant (JPP), Maharashtra and Kiaga Nuclear Power Plant (KPP), Karna-
taka.

2. Methodology

To simulate the tsunami, the code TUNAMI-N2 [8] [9] is used in the present

DOI: 10.4236/ijg.2017.812083

1418 International Journal of Geosciences


https://doi.org/10.4236/ijg.2017.812083

M. Zuhair, S. Alam

study. It can estimate the water surface rise and velocities by the waves
throughout the physical domain of the computational system. TUNAMI N2 has
already been implemented for the tsunami simulation in the Atlantic and Pacific
Oceans [10]. The eddy turbulence expressions are insignificant with respect to
the bottom friction for the tsunami propagation in the shallow water. Tsunamis
are generally computed by 2D hydrostatic models because the vertical accelera-
tion related to the tsunami waves is less than the gravitational acceleration. The

governing equations for tsunami simulation are stated as follow

an M N _, @2.1)
ot ox oy
2 2 2
M oM +3(wj+gDG_’7+A=A oM oM (2.2)
ot ox\ D oy\ D OX AX OX oy
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where total water depth specified by D, the bottom frictions are T, and 7, in the
x- and y-directions, respectively. The constant A is the horizontal eddy viscosity
in space and the shear stress is ignored on a surface wave. M and Nrepresent the
discharge fluxes in the x- and y-directions which is given by

u(h+n)=uD, N:}vdz:v(hwy):vD (2.4)
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The bottom friction is usually stated as follows

1 f T 1 f
T_x:__M M?+N?, L= NVM?+N? (2.5)

p 29D p 29D’
The formulation depicts that the bottom friction has an inverse relation to the
depth and it can get intensified with the fluxes. As a result, when the wave ener-
gy transmits in low-lying water regions, the tsunami energy dissipates rapidly.

« ))

The Manning’s roughness “n” and friction coefficient “#* can be defined by fol-

lowing relation
fD**
29

(2.6)

The value of 2 is almost a constant when D has a small and fhas a large value.
Putting M, N, and the aforesaid values in Equation (2.1), (2.2), and (2.3), basic

non-linear shallow water wave equations can be explained by
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The applied initial boundary condition is estimated using [11]. The free
transmission as a boundary condition is applied at the open sea, and boundary
condition on the land is supposed to be a perfect reflector. Since the water depth
is less than the horizontal dimension of the tsunami at the earthquake location,
the hydrodynamic effect is often ignored. In the present study, the frictional
coefficient 0.025 is used. The tsunami modelers have used this code extensively
to figure out the propagation, arrival times, and run-ups due the tsunami. A
similar study using the TUNAMI N2 has been done on Andaman-Sumatra sub-
duction zone [12]. [13] has shown the impacts of 2011 Tohoku tsunami on nuc-
lear power plants using this code. Hence, this method is compatible for the other
similar tsunami impacts on nuclear power plants. Once the outcomes are ob-
tained using this method, the results are visualized in the form of propagation
maps, directivity maps, arrival time map, and run-ups by writing MATLAB

programme.

3. Input Data

For tsunami modeling, 1-min bathymetry data are used from General Bathyme-
tric Chart of the Ocean (GEBCO, http://www.gebco.net/) as shown in Figure 1.

In a recent study [14], it is suggested that eastern part of the MSZ (near the loca-
tion of 1945 event) is more vulnerable to a future tsunami. Therefore, in the
present study, we assume that tsunami will be triggered from the same location
as was during the 1945 event (epicenter: 63.48°E, 25.15°N). The source parame-
ters are estimated using the formulation [15]. They are as follow: Fault length =
378 Km, Width = 180, Depth = 15 Km, Strike = 255°, Dip = 7°, Rake = 90°, Slip

=11 m.

4. Results and Discussion

The tsunami arrival times are calculated for the four nuclear power plants
(Figure 1). It is observed from the modeling that the tsunami reaches at around
Mithi-Virdi coast after 230 minutes, at Tarapur after 215 minutes, at Jaitapur af-
ter 210 minutes and at Kaiga after 225 minutes. It is observed that the tsunami
reaches first along the Jaitapur than Tarapur despite the greater distance from
the tsunami origin point. Tarapur nuclear power plant is situated 83 km away of
Mumbai in north direction and Jaitapur nuclear power plant is situated in Rat-
nagiri district. Reference [16] also suggested that tsunami will reach Ratnagiri
first before Mumbai due to variation in shelf-width. A few other reasons may in-
clude the directivity of the tsunami waves from the origin point and uneven sea
floor that has the capacity to either slow down or speed up the tsunami waves
(Figure 1). Figure 2 represents wave propagation model of a great Makran tsu-
nami at different time steps (Ze. 0, 60, 120, 180, 240 and minutes) from left top
to right bottom. Due to variations in bathymetry, the wave amplitude varies as
waves are transmitted into the Arabian Sea. It can be noticed from the simula-

tion that initially tsunami wave transfers rapidly in the Arabian Sea, and it slows

DOI: 10.4236/ijg.2017.812083

1420 International Journal of Geosciences


https://doi.org/10.4236/ijg.2017.812083
http://www.gebco.net/

M. Zuhair, S. Alam

Latitude (degree)

0F 0 1 - -
Pakistan

Makran Subduction Zone

INDIA
" " ol
6000 Saudi Arabia

AI\I\'PI’

TNPP 1
12

AJPP

201
4000

2000

I -2000

- -4000

Depth/Elevation (meters)

Longitude (degree)
30

25,

20

55

MVPP
® 12

f © TNPP

60 65 70 75 80

Figure 1. (Top left to bottom right) Screenshots of bathymetry map, tsunami travel time map, and directivity map.

down near the shallow coastal area of Gujarat. Further, it is observed that Owen
Fracture Zone, Murray Ridge, Carlsberg Ridge and other topographies on the
bottom of the Arabian Sea could affect the tsunami propagation, as their pres-
ence might amplify or dampen the wave transmission energy in the Arabian Sea.
The tsunami run-up can be explained as a function of the coastline gradient,
elevation of the area, living community configuration, infrastructure setup, etc.
It is observed that run-up heights along the coast of Mithi-Virdi, Tarapur, Jaita-
pur and Kaiga nuclear power plants are 0.93 m, 2.12 m, 2.32 m, and 2.15 m, re-
spectively (Figure 3, Table 1). Reference [17] also reported that the tsunami
height was nearly 2 m around Mumbai due to 1945 event that further corrobo-
rates the present study.
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Figure 2. Tsunami propagation model in the Arabian sea due to the Makran induced tsunami by a great earthquake (A4 9). The
screenshots (top left to bottom right) are showing tsunami propagation after 0, 60, 120, 180, 240, 300 and 360 minutes after the

earthqauke.

Table 1. Run-up height at four nuclear power plants. The run-up is directly related to the
tsunami directivity. The tsunami directivity is lowest at Mithi-Virdi as it is located on the
southern coast of Gujarat, but highest for Jaitapur as it is exposed to the tsunami direct
impacts. (Latitude and longitude for power plant locations are taken from Google Earth.)

Power Plant Latitude (°) Longitude (°) Run-up (m) Arrival Time (hrs)
Mithi-Virdi 21.49 72.24 0.93 230
Tarapur 19.83 72.66 2.12 215
Jaitapur 16.99 73.35 2.32 210
Kaiga 14.67 74.30 2.15 225

5. Conclusion

The nuclear power plants along the western coast of India are exposed to a Ma-
kran induced tsunami. Therefore, in the present study, we computed the tsuna-
mi arrival times and run-up heights for four power plants along the coastal lo-
cation by a Great tsunamigenic earthquake (A4 9). TUNAMI-N2 Program is
used to model tsunami wave propagation and inundation, which is triggered by
the movement of sea bottom due to earthquakes. The code assumes the li-
near-theory in deep sea and non-linear theory in shallow sea. To model tsunami
waves, the code is developed based on finite-difference technique, using Leap-Frog
scheme, which has the ability to model the tsunami with much more preci-
sion. The modeling results showed that the tsunami impacts might be high-
est for the Jaitapur coast in Maharashtra and least for the Mithi-Virdi along the
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Figure 3. Displays the tsunami run-up heights along (from top left to bottom right) Mithi-Virdi, Tarapur, Jaitapur and Kaiga
nuclear power plant. MVPP: Mithi-Virdi Power Plant; TNPP: Tarapur Nuclear Power Plant; JPP: Jaitapur Power Plant; KPP:

Kaiga Power Plant.

southern coast of Gujarat. Tarapur and Kiaga coast in Maharashtra might also
face quite an intense devastation. But, Jaitapur nuclear power plant is located 1
Km away from the sea with an altitude of 27 m that makes Jaitapur a safe loca-
tion for the power plant. On the other hand, the continental shelf-width is ex-
tremely wide along the Tarapur, and the tsunami wave energy dampens as it en-
ters in shallow-depth regions. So, flooding chances along the Tarapur is negligi-
ble. Moreover, the Kaiga power plant is also free from tsunami threat as it is si-
tuated 55 Km away from the sea, but its coast might face some strong tsunami
waves. The present study might help in adopting proper mitigation measures,

evacuation planning and installing early warning system for the West Indian
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coastline.
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