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Abstract 

Computer simulation of tsunami generated by the 2009 Dusky Sound earthquake was done to 

investigate tsunami characteristics and energy. A single-fault model was created and further improved to 

generate a seafloor displacement with Okada’s solution and a matching sea surface displacement. The 

simulation was run up to seven hours with a bathymetry grid resolution of 60 arc-seconds and time interval 

of 5 seconds. It was found that the generated tsunami had a maximum height of around 0.6 m, which was 

characteristic of the near-fault area. In addition, computed synthetic waveforms closely matched observed 

DART and tide gauge records at the time of the tsunami arrival. As time passed, the computation results 

deviated from the gauge data due to an increased error, as well as noisiness of observed waveforms at bays. 

 

 

1. INTRODUCTION 

The Dusky Sound earthquake occurred on July 

15 2009 at 09:22 am GMT. The epicenter was 

located in the Fiordland region, South Island of 

New Zealand. Having a magnitude of 7.8 (Mw), it 

was one of the biggest earthquakes in the history 

of New Zealand, on par with the 2016 Kaikoura 

earthquake [1]. Multiple aftershocks were 

recorded in the following 20 days with a 

magnitude smaller than 5.7, as illustrated in 

figure 2.  

The geological setting of the quake is 

characterized by oblique subduction of the Pacific 

oceanic plate under Indo-Australian continental 

plate. The earthquake struck in the northern part 

of the Puysegur trench, which represents one of 

the most seismically active areas in New Zealand. 

The convergence rates in this region is about 35-

45 mm/year [2]. Figure 1 shows earthquakes 

with a magnitude larger than 4.5 from July 2009 

to June 2017, according to existing CMT solutions. 

The “beach ball” representations of focal 

mechanisms, as shown in figure 2, describe a 

strike-slip faulting with a general strike 

orientation along the subduction zone. On the 

right of the image, a total frequency of these 

earthquakes is presented in a logarithmic scale. 

Evidently, earthquakes with a magnitude smaller 

than 6.0 are predominant in the region. 

The earthquake was felt in the South Island 

and southern part of the North Island, causing a 

minor damage. It triggered several landslides in 

the Fiordland National Park near the Dusky 

Sound. As a precaution, the Pacific Tsunami 

Warning Center Potential issued tsunami 

warnings that were soon diminished [1]. There 

were only some tsunami deposits preserved, 

vegetation disturbances, and little coastal 

deformation due to a gradual rather than sudden 

motion during the earthquake [3]. 

 

 

Figure 1. Epicenter (a star) and aftershocks, 

according to USGS data. The diameter and color 

intensity correspond to the magnitude 
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Figure 2. Earthquakes with magnitude > 4.5 since 2009 until 2017 and their CMT solutions 

 

2. METHODS 

In case of a shallow-water wave or a long wave, 

water surface displacement can be approximated 

to the seafloor displacement [4]. That is why 

seafloor displacement is calculated first to further 

compute tsunami propagation. This study 

proceeds in the following steps:  

1. Derive initial fault parameters 

2. Calculate seafloor displacement 

3. Run tsunami simulation based on a 

corresponding water surface displacement 

4. Compare with observed records  

5. Make improvements to the fault model 

First, displacement due to fault dislocation is 

calculated using Okada’s solution [5] for surface 

displacements due to inclined faults in a half-

space for a point source. Initial earthquake 

parameters are obtained from the Global CMT 

solution (table 1). Afterwards, fault length, width, 

and slip amount were calculated using scaling 

relations [6] and a seismic moment calculation 

formula from eq. 1 [7]. 

UAM 0    (1) 

where μ is the rigidity of the medium, U is the 

seismic moment, A is the total area of the 

displacement surface. 

 

Table 1. Fault parameters from the CMT solution 

Date 2009/ 7/15    

Centroid Time 9:22:49.6 GMT 

Latitude, longitude, ° -45.85, 166.26 

Depth, km 23.5 

Strike, ° 25 

Dip, ° 26 

Slip, ° 138 

Scalar moment, dyne-m 5.79e+20 

 

Several methods exist to calculate unknown 

parameters. In this study, the fault area was 

calculated first using the seismic moment-to-fault 

area scaling relation of megathrust earthquakes 

[6], described by eq. 2.  

3/2
0

101048.1 MS        (2) 

where S is the fault area, M0  is the seismic 

moment. 

Then, the fault length is assumed to be double 

of the fault width to calculate the fault length and 

width from the fault area. The slip amount is 

derived from the eq. 1, assuming the rigidity of 

4∙1010 N/m2. As a result, all necessary initial 

parameters are obtained to further calculate 

seafloor displacement using Okada’s solution. 

To evaluate the tsunami energy and 

propagation characteristics, a JAGURS code is run. 



3 
 

JAGURS is a numerical code that solves tsunami 

propagation and inundation based on the linear 

and nonlinear long-wave and Boussinesq 

equations [8]. The governing equations of motion 

and continuity for linear wave are as follows (eq. 

3, 4) [4]. 
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where V is the velocity for x-component only, h is 

the wave height, t is the time. A numerical scheme 

in JAGURS is implemented with a staggered finite-

difference leap-frog system. Grids for height and 

velocity are shifted by their half-size without an 

overlap, thus, reducing a truncation error of an 

approximated finite sum by ¼ of other schemes 

[4]. Therefore, eq. 3-4 can be rewritten as 

presented in eq. 5-6. 
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where l and m are integers related time and space 

respectively. The Courant-Friedrichs-Lewy 

stability condition for the two-dimensional case 

should be met not to increase error with time, as 

shown in eq. 7. 
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where g is the gravitational constant, d is the 

depth.  

The tsunami computation also entails two 

types of boundary conditions: a land-ocean 

boundary with a total reflection of energy and an 

open ocean boundary for the computational area. 

At the latter, waves maintain their original slopes, 

while leaving the computational area [4]. 

The grid resolution of 60 arc-seconds is 

obtained from GEBCO08 gridded bathymetry data 

sets. A time grid is 5 seconds. For this study, a 

serial version of JAGURS is used with a run time of 

seven hours to compute waveforms specifically 

for remote Burnie station. Tide gauges and DART 

data is used to verify the synthetic waveforms 

obtained through the tsunami simulation. 

Lastly, fault parameters are further 

recalculated  to improve the initial fault model, 

considering both previous parameters and 

original CMT solution parameters. In this project, 

sphericity of the Earth and Coriolis forces is not 

accounted to simplify simulation. Recalculation of 

fault parameters is done with a Python script. 

 

3. RESULTS AND DISCUSSION 

Figure 3 shows a calculated seafloor 

displacement with the Okada’s code. Parameters 

that closely match observed waveforms are as 

follows: length 110 km, width 55 km, depth 11.5 

km, displacement 2 m, location (-46.4°, 165.4°). 

The dip, slip, rake are constant, initially derived 

from the Global CMT Solution. Overall, these fault 

parameters were improved to better fit the 

observed records through multiple computer 

simulations. 

As shown in figure 4, the sea surface 

displacement with this single-fault model 

generated the maximum wave height of around 

0.6 m. A path of tsunami propagation is north-

west towards Tasmania. First waves arrive there 

around a two-hour mark, as shown in figure 5. 2.5 

hours after the Dusky Sound earthquake the 

tsunami waves reach the southern part of the 

North Island in New Zealand. After this time mark, 

wave energy starts to slowly dissipate.   

Lastly, figure 6 represents comparison of 

computed waveforms versus recorded data at one 

DART station and six tide gauge stations. 

Butterworth filter is applied to the data for noise 

cancellation. Cutoff frequencies are 0.1 Hz for the 

DART buoy and 0.3-0.35 Hz for tide gauge 

records, since the latter have an unwanted noise 

at bays. 
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Figure 3. Predicted surface displacement. The 

contour interval is 0.13 m. Uplift of land mass is 

shown in red, subsidence – in blue color 

 

 

Figure 4. Maximum amplitude of waves. A 

green point depicts the location of the DART 

buoy, and red points are tide gauge stations 

 

Figure 5. Tsunami propagation in time 
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Figure 6. Observed (red) vs synthetic (blue) waveforms at the time of tsunami arrival 

 

4. CONCLUSIONS 

The Mw 7.6 Dusky Sound earthquake was a 

shallow event that caused small damage 

compared to worldwide events of this magnitude. 

The strike angle of the rupture coincided with 

plate motion at the Alpine Fault, which is 

characterized by right-lateral strike-slip motion. 

The quake generated a locally dangerous 

tsunami. To study this event, a single fault model 

was created to calculate seafloor and water 

surface displacement. Computer simulation of the 

tsunami was achieved with JAGURS numerical 

code and plotted with the Generic Mapping Tools. 

Synthetic data was further compared to the 

observed data from six tide gage stations and one 

bottom-pressure DART station. Best fit 

parameters were the following:  110 km length, 

55 km width, 11.5 km depth, strike 25°, dip 26°, 

slip 138°, slip amount 2 m, latitude -46.4° and 

longitude 165.4°. Overall, synthetic waveforms 

described deep ocean data better than tide gauge 

records on coast. It can be related to the noisiness 

of the latter data or a greater distance to two tide 

gauge stations, hence, lower fidelity of the 

simulation. These results can be further improved 

by a more complicated fault model or an inversion 

of GPS and InSAR observations. 

 



6 
 

5. ACKNOWLEDGEMENTS 

I would like to thank Prof. Satake for giving me 

this unique opportunity to conduct a research in 

his laboratory. It was my pleasure to learn so 

much from you, and I value your great support 

and time it took to supervise me.  I would also like 

to thank Prof. Watada, Dr. Aditya Gusman for their 

valuable advice for running computer code and 

perfecting my results. Yifei Wu who assisted me 

with any issues and was always warm-hearted. 

My stay would also have not been as memorable 

without other Earthquake Research Institute 

students, staff members and professors. I would 

have not been able to understand so much about 

tsunamis without field trips that I attended. 

Lastly, I would like to express my deep gratitude 

to the International Liason Office of Graduate 

School of Science. You successfully guided us 

through the program and cared for us as a family. 

 

6. REFERENCES 

[1]  2009 Fiordland earthquake. (2017, July 02). 

In Wikipedia. Retrieved August 6, 2017, from 

https://en.wikipedia.org/wiki/2009_Fiordland_

earthquake. 

[2]  Prasetya, G., Beavan, J., Wang, X., Reyners, M., 

Power, W., Wilson, K., & Lukovic, B. (2011). 

Evaluation of the 15 July 2009 Fiordland, New 

Zealand Tsunami in the Source Region. Pure and 

Applied Geophysics, 168(11), 1973-1987. 

[3]  Wilson, K. J., Litchfield, N. J., Turnbull, I. M. 

(2009 ). Coastal deformation and tsunami deposit 

observations following the July 15, 2009, Mw 7.8 

Dusky Sound earthquake. GNS Science Report, 

2009/46, 62 p. 

[4]  Satake, K. (2015). 4.19 – Tsunamis, In Treatise 

on Geophysics (Second Edition). Elsevier, Oxford, 

pp. 477-504. 

[5]  Okada, Y. (1985). Surface deformation due to 

shear and tensile faults in a half-space. Bulletin of 

the Seismological Society of America, 75, 1135-

1154. 

[6]  Murotani, S., Satake, K., and Fujii, Y. (2013), 

Scaling relations of seismic moment, rupture area, 

average slip, and asperity size for M~9 

subduction-zone earthquakes. Geophysics 

Research Letters, 40, 5070–5074. 

[7] Kasahara, K. (1981). Earthquake mechanics. 

Cambridge University Press, pp. 53-81. 

[8]  JAGURS (2016). GitHub repository. Retrieved 

August 6, 2017, from https://github.com/jagurs-

admin/jagurs 

 

 

 

https://en.wikipedia.org/wiki/2009_Fiordland_earthquake
https://en.wikipedia.org/wiki/2009_Fiordland_earthquake
https://github.com/jagurs-admin/jagurs
https://github.com/jagurs-admin/jagurs

