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Abstract 
This study assesses the simulation of far field tsunami from an extended domain along the coastal belt of 
Southern Thailand and the west coast of Peninsular Malaysia using a formulated open boundary 
condition. The vertically integrated depth averaged shallow water equations are solved numerically in 
two different model domains. Along with the original domain (OD) an extended domain (ED) is 
considered during the simulation process. Using the method of lines technique, linear shallow water 
equations (SWE) are solved in the original domain and the extended domain all together to simulate the 
response of the tsunami source in the western side of the open boundary of the original model domain. A 
tsunami source similar to 2004 Indian Ocean Tsunami is considered as an initial condition for this 
boundary value problem. The ED is extended up to 2000 km from the coast. The non-linear shallow 
water equations are solved in the original domain where the tsunami source was omitted. In the original 
domain, a boundary condition is used which was formulated by the amplitude of the source in the 
extended domain and the formulated boundary condition was imposed at west boundary of the OD to 
compute tsunami response in absence of original tsunami source. Finally, the effect of the formulated 
boundary condition was simulated in the coastal belt of the south part of Thailand and the west coast of 
the Peninsular Malaysia. Tsunami travelled time and water elevation for different coastal location are 
stimulated by the two models. The outputs of this study are compared with the available data in the 
USGS website, and a very reasonable agreement is observed. 
 
Keywords: Distant tsunami, Open boundary condition, Shallow water equations (SWE), Method of lines 
(MOL), Runge-Kutta method, Indian Ocean tsunami 
 
1. Introduction 
Tsunami is one of the most explosive natural vulnerabilities causes damaging on both shores 
of bordering countries and also on shores of more distant countries of the glove. Local 
tsunamis affect limited coastlines close to the generating area and may be quit severe. But far 
field tsunami or distant tsunami may affect shoreline’s far away from the source zone. Due to 
the great danger of the tsunami hazard, an accurate and effective warning system is required to 
minimize the loss of life and assets along the coastal belts. Real time tsunami modeling for 
distant or far-field tsunami is a challenging and important problem for the development of 
tsunami warning system. Numerical modeling is a strong method for understanding tsunami’s 
actions and for forecasting their impacts on coastal areas. 
 Many researchers, (Meah et al., 2016; Meah et al., 2012; Roy et al., 2006) [4, 5, 7] put their 
findings on tsunami run-up modeling for far field tsunami in a narrow area model domain. In 
those models, tsunami source zone were kept inside the model domain. In this research, an 
extended domain is considered which is elongated approximately 2000 km from the coast. So, 
there are two domains to be considered, Original Domain (OD) and Extended Domain (ED). 
So the whole domain is divided into two blocks so that it is easy to calculate the tsunami travel 
time and water elevation along some particular coastal belts. This technique will help to reduce 
the CPU calculation time and to save computer memory.  
There is no significance of the convective terms in the governing equations in deep ocean for 
computing tsunami travel time. However, near the coastal area, the nonlinear terms are blandly 
significant for the wave amplitude. Thus, a linear model has been applied for tsunami  

https://www.mathsjournal.com/
https://doi.org/10.22271/maths.2023.v8.i2a.946


 

~52~ 

International Journal of Statistics and Applied Mathematics https://www.mathsjournal.com 
 

propagation in the deep sea and a non-linear model has been 
applied to calculate water level close to the coast (Meah et al., 
2017) [3]. The benefit of the uses a linear model is that it is 
less expensive in terms of memory and calculation time as the 
convective terms have been ignored from the model. But the 
non-linear model is essential to compute the tsunami 
phenomena in the nearby coastal region.  
Two models are developed which will be simulated in the 
original domain and the whole domain. The linear SWE’s are 
solved in the whole domain by using the method of lines 
technique to simulate the effect of tsunami source in the 
western open boundary of the original domain. During this 
simulation a fictitious tsunami source similar to 2004 Indian 
Ocean tsunami is used which is approximately 2000km away 
from the coast. 
The non-linear SWE’s are solved in the original domain 
where the tsunami source was omitted. Instead of using the 
tsunami source a formulated boundary condition was applied 
to simulate tsunami run-up and travel time along the said 
coastal belts. During the formulation of the open boundary 
condition the amplitude of the fictitious source in the 
extended domain was used. 
The method of lines (MOL) is a special practice for solving 
partial differential equations (PDE’s). This method is more 
real than the regular finite difference method in terms of 
exactness and simulation time (Sadiku and Gorcia, 2000) [9]. 
The technique has the benefits of less simulation time (Sun et 
al., 1993) [10]. In this research, a numerical scheme based on 
MOL is used for solving both the linear and nonlinear SWE’s. 
Tsunami simulations are carried out through the two models. 
Computed results are matched with the available observed 
and the USGS data.  
 
2. Governing equations and boundary conditions 
To conduct numerical simulation, a vertically integrated 
shallow water equations and radiation boundary conditions 
like Roy (1998) [8], is used in this study.  
 
3. Model Data Set-up 
Other than the original domain (OD), a second domain is 
considered which is extended approximately up to 1100 km 
from the west open boundary of the OD and 2000km from the 
coast (Fig 1). So, there are two domains to be considered, 
original domain (from coat to 900 km to the deep sea) and 
extended domain (extended along the west of OD). The 
original model domain is a rectangular area approximately 
between 2o N − 14oN and 91o E − 100.5o E, which includes 
the tsunami track region associated with 2004 Indonesian 
tsunami (Fig 2). The origin of the Cartesian coordinate system 
is at 𝑂𝑂(3.125oN, 101.5oE), the x-axis is directed towards west 
at an angle 15𝑜𝑜 (anticlockwise) with the longitude line 
through line through 𝑂𝑂. The grid extent of the rectangular 
mesh is given by ∆𝑥𝑥 = ∆𝑦𝑦 = 4 km and the number of grids 
are 230 and 319 in x and y directions respectively in the 
original domain.  
 

.  
 

Fig 1: Computational domain for the two models 

 
 

Fig 2: Original domain (courtesy: Roy et al., 2006) [7] 
 
On the other hand, the number of grids in x-direction and y-
direction in the whole computational domain (OD and ED) 
are respectively 𝑀𝑀 = 500 and 𝑁𝑁 = 319 so that there are 
73370 grid points. In order to ensure stability of the 
simulation, as per CFL criterion, the time step ∆𝑡𝑡 is taken as 
10. The value of 𝑐𝑐𝑓𝑓 is taken as 0.0033 which is same as 
Kowalik et al., (2005) [2] throughout the model zone. The 
bathymetric for the model zone are compiled from the 
bathymetric charts. 
 
4. Initial condition for linear model 
Same as 2004 Indian ocean tsunami source, a fictitious 
tsunami source is introduced in the linear model. The source 
zone is approximately 1900 km away from the cost and kept 
in ED. A comprehensive explanation of the assessment of the 
magnitude of the rapture due to earthquake as well as the 
highest rise and fall of the seabed associated with 26 
December 2004 tsunami is available in Kowalik et al. (2005) 
[2] and this assessment is established by Okada (1985) [6]. The 
source zone is considered with a highest uplift of 5.07 m at 
the west and maximum subsidence of 4.74 m at the east. The 
uplift to subsidence is roughly from west to east (Kowalik et 
al., 2005) [2]. The disturbance in the form uplift and 
subsidence of sea surface is designated as the initial condition 
in the model with a maximum rise of 5 m to maximum fall of 
4.75 m. In all other zones of the whole computational area, 
the initial sea surface elevations are taken as zero. The initial 
velocity components for the linear model are also taken as 
zero all over the model region. The source parameters are 
available in Meah et al. 2017 [3]. 
 
5. Tsunami simulation due to the linear model 
The effects of the fictitious tsunami source similar to the 
source of Indonesian tsunami of 2004 along the concerned 
coast of Thailand and Penang Island are investigated. Wave 
propagation time from the source is calculated and elevation 
of the water levels along the coastal belts of Penang and 
Phuket Island are estimated. After generating from the 
extended domain the wave propagates the whole 
computational domain. Tsunami travel time from source zone 
to the coastal area has been investigated. Fig. 3 illustrates the 
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time for attaining +0.1 m sea level rise at each grid point in 
the model area. Thus, considering the 0.1 m sea level increase 
as the appearance of tsunami, it is found that after initiating 
the source the wave propagates progressively towards the 
beach.  
The appearance time of tsunami at Phuket is between 195 min 
to 210 min and the arrival time at Penang is approximately 
330 min. This time is calculated for the extended tsunami 
source. The calculated water levels at different places of the 

beach of the Island are collected at an interval of 30 seconds. 
Fig. 4 represents the time histories of for the Phuket region in 
southwest Thailand and at two locations at the coasts of 
Penang Island in Malaysia. After the earthquake, the tsunami 
arrived at Phuket in 2 hours and at Penang in Malaysia in 3.5 
hours to 4 hours reported in USGS website 
[(http://staff.aist.go.jp/kenji.satake/Sumatra-E.html) and it is 
also reported that the computed time of attaining maximum 
wave is 100 min to 110 min. 

 

 
 

Fig 3: Tsunami spread time towards Phuket and Penang. 
 
6. Open Boundary Condition for Non-linear Model 
The nonlinear model in OD will be activated after formulating 
the open boundary condition and in nonappearance of the 
tsunami source. The amplitudes of tsunami surge along the 
western boundary of the original domain have been calculated 
to assess the amplitude of surge. On the basis of time histories 
data and wave height due to the source in extended domain, 
similar to Roy et al., 2006 [7], the formulated boundary 
condition that signifies the impact of distant tsunami is 

 𝑢𝑢 − �𝑔𝑔
ℎ

 𝜁𝜁 =  −2�𝑔𝑔
ℎ

 𝑒𝑒−𝑠𝑠𝑠𝑠 asin �2𝜋𝜋𝜋𝜋
𝑇𝑇

+  𝜑𝜑�    (1) 

 
which is imposed at the west free boundary. 
where, 𝑠𝑠 = 0 for 𝑡𝑡 ≤ 𝑇𝑇 and 𝑠𝑠 > 0 for 𝑡𝑡 > 𝑇𝑇 
One wave is allowed through this condition, with complete 
amplitude, to go through into the area through the open 
boundary before the amplitude starts damping. 

 

 
 

Fig 4: Time histories of calculated rise of sea level at costal locations of Phuket and Penang. 
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Figure 5a displays the time histories of sea surface oscillation 
at (230, 155) th grid at the western boundary of the original 
domain due to the tsunami source and Fig 5b shows the time 
series of the formulated boundary condition. Both the time 
histories are found to be almost matching, which confirms 
that the boundary condition (10) can generate time histories 
which are comparable to that generated by the tsunami source 
located at the extended domain. 
 
7. Tsunami propagation in the Phuket and Penang due to 
non-linear model 
The propagation of the tsunami wave from the west open 
boundary of the original domain and the incoming time at the 
coast have been studied. Figure 6 demonstrates the contour 
plot of time, for accomplishing +0.1 m sea height rise at each 
grid in the original model area. Thus, considering the 0.1 m 
sea height rise as the appearance of tsunami, it is noticed that 
after activating the formulated boundary condition the wave 

propagates progressively near the beach. Tsunami travel time 
to the two coastal locations of southern Thailand (Phuket) and 
west coast of Peninsular Malaysia (Penang) are approximately 
130 min and 260 min respectively (Fig 6). Actual tsunami 
travel time due to 2004 Indian ocean tsunami for Phuket and 
Penang are approximately 120 min and 240 min respectively 
(USGS report). It is stated in earlier section that the 
formulated boundary condition is enforced on the western 
open boundary of the original model domain which is away 
from the actual tsunami source. So there is a time delay 
between tsunami travel time from tsunami source zone and 
from the west open boundary. It seems that the calculated 
travel time due to formulated boundary condition is deferred 
by up to 10 ~ 15 min. This time delay can be simulated by 
calculating the whole distance of the west open boundary of 
original domain from the beach and tsunami travel time. Thus 
the computed time is almost identical with the website data.  

 

 
 

Fig 5: Time histories of water surface fluctuation at the western boundary (a) due to tsunami source (b) due to formulated boundary condition 
 

 
 

Fig 6: Tsunami propagation time in minutes towards Phuket and 
Penang 

The computed water levels for formulated boundary condition 
at several positions of the coastal belt of Phuket and Penang 
are stored at a period of 30 seconds. The maximum water 
levels surrounding Phuket and Penang are approximately 7 – 
7.5 m and 3 – 3.5 m respectively (Fig. 7). The water level 
continues to oscillate for long time and the time series begins 
with a depression. The computed results and observed data 
show that, the west coast of Phuket and the north-west coasts 
of Penang Island are in danger for stronger tsunami waves. 

The entrance time of tsunami and the highest surge levels 
calculated by the above said two models are assessed with the 
data in USGS website (Table 1). The tsunami travel time for 
Penang computed by linear and non-linear models is 
approximately 330 min and 260 min respectively. Also the 
same for Phuket is approximately 200 min and 130 min 
respectively. 
After generating the earthquake the actual travel time reported 
in USGS website and observation shows that tsunami reached 
Phuket within 120 min and reached Penang within 210 – 240 
min. In linear model, the fictitious tsunami source is kept 
approximately 1900 km away from the cost. Tsunami travel 
time is approximately 80 min from earthquake zone to the 
west boundary of the original domain (Fig. 8). Tsunami 
reaches Phuket coast within 130 min from the west open 
boundary of the original domain. So the total travel time from 
earthquake zone to Phuket coast is 210 min which is very 
close to the travel time of linear model. Again due to the 
distance between the formulated boundary condition which is 
executed on the western boundary of the original model 
domain and the actual tsunami source, a difference of travel 
time from open boundary and source zone has created which 
is approximately 10 min. So the travel time agrees well with 
the USGS data. The same comparison can be done for the 
Penang coast. 
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Fig 7: Time histories of calculated elevation at costal positions of Phuket and Penang Island. 
 
The highest water level surrounding Penang computed by the 
two models is approximately 3 – 4 m and the same for Phuket 
is 6 – 8 m. From observation and USGS website it is stated 
that the maximum water level along Phuket is approximately 
7 to 11 m and surrounding Penang is 2.0 – 3.5 m. Above 
discussion demonstrates that the computed maximum water 
readings along the coastal borders of both the islands concur 
well with the observed data or data available in the USGS 
website.  
 

Table 1: Comparison between Model Result and UGSG Data 
 

 Region Linear Non-
linear USGS 

Arrival time (min) Penang 330 260 < 240 
Phuket 200 130 < 120 

Max water level 
(m) 

Surrounding 
Penang 3 - 3.5 3 - 4 2 - 3.5 

Surrounding Phuket 7 - 7.5 6 - 8 7 - 11 
 

 
 

Fig 8: Tsunami travel time toward the coast from extended domain 

8. Conclusion  
The effect of the mentioned tsunami is figured along the said 
model area. By the scales of tsunami with the modified values 
of period, phase, and scale factor of the boundary condition, a 
proper boundary condition is made to handle the faraway 
tsunami along the said model area. It is seen that the 
formulated boundary condition in nonexistence of the actual 
source is comparable to that of the actual source of that event. 
The calculated sea surface readings along the beach of the 
both the mentioned islands are observed to be fair and reliable 
with the sea surface data. The entrance time of wave due to 
the boundary condition is not much late than the entrance time 
of tsunami due to the actual source because the boundary 
condition is away from the source region of that event. It is 
observed that the preliminary removal of surge from a beach 
alters upon the phase of the boundary condition. Thus, the 
outputs obtained by the formulated boundary condition are in 
good conformity with the observed data in the USGS website. 
Hopefully, this research will contribute to develop tsunami 
warning system in a big domain where the domain is divided 
different blocks and tsunami simulation can be carried out in 
the particular interested coastal belts, not considering the 
other blocks, to save the CPU time and computer memory. 
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