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ABSTRACT 14 
 15 
In this study, The numerical simulations of November 13, 2016 Kaikoura, New Zealand earthquake (Mw: 7.8) have been 16 
performed. The earthquake occurred at a depth of 15 km at the transition between the Alpine fault in the South Island and the 17 
Kermadec-Tonga subduction zone. The approximation of non-linear long wave equations is performed and adopted to 18 
simulate tsunami propagations with an initial displacement of the ocean bottom deformation due to faulting. Co-seismic 19 
source models proposed by United States Geological Survey (USGS) are further used to represent the effects of various slip 20 
models on tsunami prediction along the coastal regions of New Zealand. The maximum value of the initial heights are 21 
calculated as 1.18 and -0.2 meters for uplift and subsidence areas from uniform point source models. However, these 22 
maximum values are 1.01 and -0.1 meters from finite-fault source models. We have also compared our simulated tsunami 23 
waveforms with the observed tide gauge records. The results show that non-uniform slip models could be more effective in 24 
prediction of the tsunami heights compared to uniform slip models where the earthquakes involve complex ruptures as in 25 
Kaikoura earthquake.    26 
Keywords: Finite fault, point source, fault parameters, tsunami simulation, tide gauges. 27 
 28 
 29 
1. INTRODUCTION 30 
 31 
On 13 November 2016, Northwest coast of New Zealand's South Island experienced a great 32 
earthquake (11:02:56 UTC, epicenter -42.690 S, 173.020 E, 14 km depth) [1].  This earthquake 33 
occurred in the Marlborough Fault system, an intricate network of right lateral strike-slip faults 34 
connecting the Alpine fault  in the South Island to the Hikurangi subduction zone. This region is a 35 
very seismically active region. The distribution of M> 5.0 earthquakes in the region between 1920 and 36 
2017 according to their depths and the fault zones in the region are shown in Figure 1 and Figure 2 37 
respectively. The depths of M> 5.0 earthquakes are from U.S. Geological Survey worldwide 38 
catalogues of earthquake distributions. The depths of the  earthquakes around New Zealand are 39 
increasing in the south-west and north-east direction. This increase indicates that the subduction is in 40 
the south-west and north-east. Tsunamis can occur in any ocean. But most of them happen in the 41 
Pacific Ocean, triggered by the earthquakes and volcanoes. New Zealand, a south pacific country, has 42 
experienced many times tsunamis higher than 5m since 1840 according to the historical records. Some 43 
were caused by distant earthquakes, but most by seafloor quakes not far off the coast. A magnitude 7.8 44 
earthquake near Kaikoura in 2016 caused minor tsunami along the east coast of New Zealand where 45 
the largest onshore waves were recorded at Goose Bay, south of Kaikoura. This study was aimed to 46 
simulate the Kaikoura earthquake,  to elucidate the effects of  uniform and non-uniform slip models on 47 
tsunami generation and compare the simulated waveforms with observed one at Kaikoura.  48 
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Figure 1. Map of epicenters having the magnitudes larger than Mw:5.0 and focal depths 
between 0-600 km for the period of 1920-2017. 
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Figure 2. Map showing active faults around New Zealand [2]. 
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2. EARTHQUAKE INDUCED TSUNAMI SOURCE MODELLING 3 
 4 
The tsunamis are very large ocean or sea waves that could be triggered by various large-scale 5 
deformations of the ocean floor from submarine earthquakes, volcanic activities or landslides. 6 
Earthquake-induced tsunamis are very long wavelengths of water and very fast moving waves. They 7 
can have wavelengths ranging from 10 to 500 km and periods up to one hour. As a result of their 8 
wavelengths, tsunamis act as shallow water waves [3,4]. A wave becomes a shallow-water wave when 9 
the wavelength is very large compared to the water depth.  Assumptions in calculating the seafloor 10 
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deformation define the initial size and height for tsunami propagation. The main factor which 1 
determines the initial size and height of a tsunami is the amount of vertical sea floor deformation. In 2 
this common approach, it is expected that the initial sea surface displacement mimics the same form as 3 
the seafloor displacement (5,6,7,8,9]. Tsunami heights are low on the areas where the tsunamis first 4 
formed. As the ripples approach the shore, the water depth decreases and the tsunami heights increase 5 
and may lead to the loss of life and property on coastal areas. It is important to determine the size of 6 
the deformation of the ocean floor for calculation and propagation of tsunami wave height and arrival 7 
times. When an earthquake occurs beneath the sea, the water above the deformed areas of subsidence 8 
or uplift with a displacement rate due to earthquake magnitude is displaced from its equilibrium 9 
position. Tsunami waves are formed as the displaced water mass, which acts under the influence of 10 
gravity, attempts to regain its equilibrium [3,10]. The resulting tsunami wave heights in open sea 11 
varies depending on the coastal area batimetry as they approach the shore from open sea.  12 

In this study, the static displacement which is caused by the earthquake is assumed to be equivalent to 13 
the first tsunami wave height and this approach was calculated by [11]. This algorithm determines the 14 
amount of vertical uplift and subsidence by using the depth, strike, dip and rake of the fault. Then the 15 
propagation of the tsunami waves are simulated with the non-linear long wave (shallow water) 16 
equations of the fluid flow, using an explicit in time finite difference scheme [12]. The shallow water 17 
equations proposed in [13] are implemented into the SWAN code [7]. The set of equations to be 18 
solved are: 19 
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where is the latitude, u and v are the x and y components of the velocity U , g is the gravitational 23 
acceleration, t is the time, h is the wave height above the mean water level, f is the Coriolis parameter, 24 
C is the coefficient for bottom stress, D is the depth, and indexes refer to partial derivatives. 25 
 26 
2.1. Earthquake Parameters 27 
 28 
In order to model the tsunami caused by November 13, 2016 (Mw: 7.8)  Kaikoura earthquake uniform 29 
and non-uniform slip distributions on a single rectangular fault are used. Inıtial tsunami heights are 30 
calculated by setting the fault geometry under the assumption of a uniform and non-uniform slip using 31 
a statically dislocation model [11] for the input value at the above mentioned Equation 1, Equation 2 32 
and Equation 3. The source parameters for uniform model are from the source parameters of [14] 33 
based on the W-phase moment tensor solution (Table 1). The average slip of rectangular fault, fault 34 
lengths and width required as inputs for tsunami simulations are calculated by using the empirical 35 
relationships proposed by [15] for inverse and thrust faults. Then top of the fault required to be used 36 
for the initial heights is calculated as follows : 37 

     )d)((sinhTOF           (4) 38 
where TOF is top of the fault in km, h is the hypocentral depth of earthquake,   is dip angle and d is 39 
the half of fault WFP. It was adopted the hypocentral depth estimates for the initiation of the 40 
earthquake is 15.1 km [14]. The hypocenter is assumed at the center of the fault. It should also be note 41 
that a centroid location, which is a release point of seismic energy mainly, is not always the same as 42 
the hypocenter. Therefore, the hypocentral depths were used instead of centroid depths to define the 43 
size of rupture area.   44 
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Tablo 1. Source parameters for the tsunami simulation from uniform slip model. 1 

Mw 7.8 
Latitude of epicenter -42.69 
Longtitude of epicenter 173.02  
Sismik moment 7.040e+20 N-m 
Focal depth (km) 15.1 
Strike/Dip/Rake 225/36/128 
Average slip (m) 3.64 
TOF (km) 3.4 
Fault Lenght (km) 127 
Fault Width (km) 38 

 2 
The more reliable method to delineate earthquake rupture areas are finite fault model i.e. non-uniform 3 
slip models. Non-uniform slip models of fault rupture areas could be constructed through inversion of 4 
teleseismic, strong motion, tsunami and geodetic datasets. In this study, the finite fault model of 5 
Kaikoura earthquake issued by USGS [16] is used as an input for tsunami simulations as well. 6 
Schematic representations of vertical displacement of the seafloor calculated using both uniform and 7 
non-uniform models are given in  in Figure 3a, b, and cross-sectional representations for both slip 8 
models including vertical displacement are given in Figures 4 and Figures 5. By employing uniform 9 
and non-uniform slip models, the maximum initial vertical displacements of the ocean bottom are 1.18 10 
in uplift and -0.20 in subsidence for uniform slip model and 1.02 in uplift and -0.10 in subsidence for 11 
non-uniform slip model. Although the calculated uplift and subsidence are very close for both slip 12 
models, the areas covered by the slip distributions are very different.  These difference shows the 13 
importance of non-uniform slip models on tsunami simulations.   14 

  

(a) (b) 
Figure 3. Schematic representation of vertical displacement of the seafloor calculated from 15 
a) uniform slip model, b) non-uniform slip (finite fault) model. 16 
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Figure 4. (a) The calculated vertical sea floor dislocation area from uniform faulting, (b), 
Cross-section of A-A' due to the calculated seafloor deformation, (c) The 3D views of the 
calculated deformation along the strike of the fault. 

 

Figure 5. (a) The calculated vertical sea floor dislocation area from non-uniform 
faulting, (b), Cross-section of A-A' due to the calculated seafloor deformation, (c) The 
3D views of the calculated deformation along the strike of the fault. 

2.2. Tsunami Simulations 1 

The numerical tsunami simulations by using initial vertical sea floor deformation  were performed in 2 
geographical coordinates with a GEBCO_08 Grid [17] bathymetric data set. The data set values 3 
represent elevation in meters, with negative values for bathymetric depths and positive values for 4 
topographic height and the values cover a 30 arc-sec grid of global elevations. The calculation grids 5 
consist of 0.5 minutes cell size describing the coastal areas of New Zealand. The calculation times for 6 
the tsunami propagations for uniform and non-uniform slip models are both 2.0 hours. The maps of 7 
maximum tsunami heights performed using a 0.5 minutes cell size for uniform and non-uniform slip 8 
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models are shown in Figure 6 and Figure 7 respectively. The maximum simulated heights are 1.20 m 1 
from the uniform slip model and 1.88 from the non-uniform slip model. The maximum calculated 2 
heights, when comparing to National Geophysical Data Center (NGDC) maximum heights [18] are 3 
reasonable for non-uniform slip model due to the use of inversion source models. The maximum 4 
simulated heights from uniform slip models are estimated lower than observed in the region. This 5 
lower value is from the elastic deformation theory for modeling the sea floor deformation where the 6 
earth is assumed to follow the laws of the classical linear elastic theory which treats it as a 7 
homogeneous, isotropic, and elastic material. However, the finite fault models are based on inversion 8 
algorithms where the slip distributions are not the same along the fault rupture plane. For that reason, 9 
tsunami wave height estimations calculated from non-uniform models could give better results than 10 
uniform models. Although it was confirmed that the simulated tsunami heights were over or 11 
underestimated from uniform slip models, the advantage of the uniform model approaches is the 12 
simplicity and speed of use due to the limited knowledge of the earthquake parameters [4]. 13 

 

Figure 6. Maximum simulated heights from uniform slip (finite fault) model. 

 

Figure 7. Maximum simulated heights from non-uniform slip (finite fault) model. 

 14 
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3. COMPARISONS OF THE SIMULATED WAVES WITH OBSERVATIONS 1 
 2 
The tsunami arrival times and heights are compared with the tsunami records measured at the 3 
Kaikoura tide station where the highest wave is recorded (Figure 8 and Figure 9). Tsunami Analysis 4 
Tool (TAT) developed by [7] were used to visualize and compare tsunami propagation, tsunami travel 5 
time and maximum heights with the records of wave gauges. TAT allows download available sea level 6 
measurements from Intergovernmental Oceanographic Commission (IOC) web sources [10, 19].  In 7 
order to make the comparisons, the long period noise from the tides due to gravitational effects of the 8 
mood and the short period noise from the sea waves due to wind are removed from tide gauges records 9 
where the gauges installed along coastal areas. To filter these noise effects on tide gauge records, two 10 
days records are examined before the beginning of tsunami wave and a polynomial function at fourth 11 
degree is calculated with a script of  MATLAB. Then the estimated polynomial function  is extracted 12 
from the whole record and the filtered tsunami waveform  is obtained. At the next stage, Fourier 13 
transformations were made in order to manage the frequency  band of high and low pass of the record 14 
for eliminating the wind waves on tsunami  records. By comparing the waveforms for the uniform and 15 
non-uniform slip models, estimated waves from uniform model provides lower amplitudes compared 16 
to the records of Kaikoura tide gauge (Figure 8). However the arrival time and periods of the waves 17 
are in good agreement with the records of Kaikoura from non-uniform slip model. Although the 18 
amplitudes of the waves are lower in comparison for non-uniform slip model, the peaks of the  are in 19 
reasonable time scale with observed ones. These lower amplitudes might be from submarine canyons, 20 
channels and narrow embayment that are not well integrated by the 30 arc-sec grid bathymetry data, 21 
and thus the underestimated waves are obtained in simulations. Synthetic waves also do not match 22 
very well with the trailing waves of tide gauges that exhibit negative  and similar periodic waves for 23 
all waveform. The estimated maximum wave heights with bar chart visualization in several populated 24 
locations around South and North Islands of New Zealand are plotted in Figure 10. The tsunami waves 25 
of  the earthquake  are only affected local area around Kaikoura by producing high amplitude (~ 2 m) 26 
tsunami waves far from the epicenter.  27 

 

 

Figure 8.  Comparison of the simulated tsunami wave elevation from uniform slip model with 
observed record at Kaikoura tide gauge station. 

 28 
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Figure 9. Comparison of the simulated tsunami wave elevation from non-uniform slip model 
with observed record at Kaikoura tide gauge station. 

 1 
 2 

 

Figure 10. Estimated maximum tsunami wave heights with bar chart visualition in several 
populated locations in South and North Island of New Zealand.  

 3 
4. CONCLUSIONS AND DISCUSSIONS 4 
 5 
In this study, tsunami simulation of November 13, 2016 (Mw: 7.8) Kaikoura earthquake was 6 
performed for uniform and non-uniform slip models. According to the uniform slip model, which is 7 
assumed by point source, the initial wave height is calculated as 1.02 m at uplift and -0.20 at 8 
subsidence. For the finite fault model (homogeneous slip), the initial height calculated as 1.01 at uplift 9 
and -0.10 at subsidence. Despite the higher initial wave is calculated in the uniform slip model, it is 10 
not estimated very high waves with this model for the shorelines of New Zealand. However two 11 
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meters wave height was measured at Kaikoura which is a town on the east coast of the South Island of 1 
New Zealand. Our second adapted non-uniform slip model used for tsunami simulations gives 1.9 2 
meter estimated wave height in Kaikoura. On the other hand, the shape of the estimated waveforms of 3 
tsunami in Kaikoura from non-uniform slip model is in a good accordance with the instrumentally 4 
recorded data compared with the estimated tsunami waveforms from uniform slip model. The reason 5 
could be that the length and width of the fault plane anticipated from the scaling laws are not the 6 
effective fault areas where the non-uniform largest slip cumulate. Consequently, determination of fault 7 
width, length and slip distributions relying on finite fault models lead to estimate more correctly to 8 
estimate the tsunami propagations and heights. For that reason, especially the slip distributions, strike, 9 
dip and rake along the subfaults are very important for the tsunami simulations and tsunami early 10 
warning systems.    11 
 12 
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