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Abstract 

A large landslide occurred on the southwest part of the Anak Krakatoa volcano because of its eruption and generated 

large tsunami around the Sunda Strait, Indonesia, on 22 December 2018. Upon entering the sea, it caused a huge tsunami 

that traveled approximately ~5 km across the strait basin and inundated the shore of Sumatra and Java with vertical runup 

of up to 13 m. Following the event, observed field data, GPS measurements of the inundation and multibeam echo 

soundings of the straits bathymetry, were collected and provided. Using the provided data set, numerical modeling of the 

tsunami has been conducted using TUNAMI two-layer model (soil and water) that based on a combination of landslide-

source and bathymetry dataset. The two-layer model was implemented to nesting grid system using the finest grid size of 

20 m. To constrain unknown landslide parameters, a global optimization algorithm, Differential Evolution, was applied. 

This resulted in a parameter set that minimized the deviation from measured bathymetry after the event. The global 

optimization procedure, Differential Evolution (DE), proved to be an effective method to determine the landslide 

parameters used in the model with the minimum deviation from measured sea bottom. The lowest derivative from 

measured bathymetry is obtained for best fitting parameter, maximum landslide thickness of 301.2 m and landslide time 

of 10.8 minutes. The great number of objective function evaluations to locate the minimum with the DE procedure finished 

it necessary to fix the grid cell size to 20 m. This caused a limitation on the accuracy of the obtained parameter values for 

the two-layer model. However, the impact landslide time and the thickness, considering generalizations in the modeling 

of landslide movement, must be carefully calculated to obtain a suitable accuracy. 
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1. Introduction

A large landslide occurred on the southwest part of the Anak Krakatoa volcano because of its eruption. 

Landslide generated large tsunami around the Sunda Strait, Indonesia, on 22 December 2018. Upon entering 

the sea, it caused a huge tsunami that traveled approximately ~5 km across the strait basin and inundated the 

shore of Sumatra and Java with vertical runup of up to 13 m. [1]. Following the event, observed field data, 

GPS measurements of the inundation and multibeam echo soundings of the straits bathymetry, were collected 

and provided [1, 2]. Figure 1 shows a map of the Sunda Straits in addition to the location of the Anak Krakatau 

in a middle of the straits.   

Numerical modeling of submarine or subaerial landslide-generated tsunamis implicates different 

methods if the conclusions are displayed as completely coupled schemes. The numerical models of coupled 

dynamic schemes for landslide-generated tsunamis are limited [3, 4], while those for earthquake-generated 

tsunamis are developed and widely implemented. There have been several studies of landslide-generated 

tsunamis using nonlinear shallow-water hydrostatic models [5 - 7], Boussinesq nonhydrostatic models [8], the 

MOST model [9], the COMCOT model [10], and the TUNAMI-N2 model [11]. Moreover, several studies 

have been performed to model these mechanisms using other uncoupled methods, in which the generation and 

propagation periods are episodic [12, 13]. One such example is the conceptual model of the BIG’95 submarine 

landslide and numerical simulation of the propagation of the generated tsunami wave [14 - 18]. In the case of 

Palu tsunami, the TUNAMI-N2 model is applied to model the submarine landslide tsunami in the Palu Bay 

[19]. 

This tsunami event of the Anak Krakatau was recently modeled [20] that the 3D model NHWAVE [21, 

22] simulated the landslide and the 2D model FUNWAVE-TVD [23] modeled the tsunami propagation. It was

also that the COMCOT model, Cornell Multi-grid Coupled Tsunami Model [10, 24], was used to model this

event [25]. The initial sea surface elevation was identified as the landslide source. In this study, the TUNAMI-

N2 two-layer [26, 19] model is implemented to model the 2018 Anak Krakatau tsunami.

The point of this study is to investigate the possible source of the 2018 Sunda Straits tsunami using 

preliminary data. This study focus on the tsunamis generated by subaerial/submarine landslide and the method 

to find the source is to apply an optimization procedure to determine unknown landslide parameter through 

comparison between measured and simulated bathymetry in an inverse modeling methodology. 

2. Methodology

This paper is supported by four components. First, the hypothesis subaerial/submarine landslide modeling is 

identified in this study; second, the topography and bathymetry data area used to generate a tsunami model; 

third, the numerical model is used to reproduce the landslide movement and tsunami propagation; and fourth, 

the optimization procedure is applied to determine optimal parameters of the landslide.  

2.1 Subaerial/submarine landslide modeling 

The basic assumption of this study is that the 2018 tsunami in Sunda Straits was initially generated as a 

subaerial/submarine landslide tsunami by a soil movement of materials originally located on the upper slope. 

This process produced a subaerial and submarine landslide on the land and seafloor, forming a submarine 

deposit. The huge slide was probably triggered by the Anak Krakatau volcano eruption. The sunaerail and 

submarine landslide should have produced a tsunami that affected the coastal area of the Sunda Straits. 

The hypothesized landslide locations on the Anak Krakatau are shown in Fig. 2, and these landslides 

can be detected by the satellite image in before and after. The landslides are located in different area of coast 

line and were the main cause of the studied tsunami. The change of the coast line was used to consider the 

landslide model, using the 3D ellipsoid modeling. 
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Fig. 1 – Computation domain for tsunami model in Sunda Strait Sea. The red box represents the main region 

of 180 m resolution and the interested region of 20 m resolution is the yellow box. 

Fig. 2 – Landslide modeling for the 2018 Anak Krakatau eruption, a) satellite image in before, b) 

satellite image in after, and c) Landslide modeling base on 3D ellipsoid model. 
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Fig. 3 – Observed bathymetry data after the Anak Krakatau eruption, a) the serveyed area, and b) 

the comparison between previous and current bathymetry along the red dot line in top panel. 

 

 

Fig. 4 – Two-layer conceptual schematic of the parameter for modeling the subaerial/submarine 

landslide. 
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2.2 Topography and bathymetry data 

The complete bathymetric and topographic data from throughout Sunda Straits and surrounding continental 

areas were provided by BIG. The data consist of two datasets with 180 m resolution for the bathymetry in the 

sea and 8 m resolution for the topography on land. Both datasets were resampled to 2 domains resolution, 

180 m and 20 m (study area in Fig. 1). The 180 m resolution domain was resulted in 1079 columns and 956 

rows covering the Sunda Straits area. 

The Naval Hydrographic and Oceanographic Center of Indonesia used multibeam sonar equipment to 

survey bathymetry after the Anak Krakatau eruption [1]. The measured area of the new bathymetry covered 

only the front of the volcano collapse caldera, as shows in Fig. 3. 

2.3 Numerical model 

The tsunami model in the Sunda Straits was assessed with a two-layer numerical model that was developed to 

solve nonlinear shallow-water equations with two interfacing layers and appropriate kinematic and dynamic 

boundary conditions at the land and seafloor, interface, and water surface [26, 19]. This two-layer numerical 

model simulates landslide-generated tsunamis by modeling the interactions between tsunami generation and 

subaerial/submarine landslides as upper and lower layers. Subaerail/submarine landslides produce tsunami 

waves similar to those from earthquakes, with a vertical displacement of the seafloor creating a similar 

displacement at the sea surface, as shown in Fig. 4. The mathematical model applied in the landslide–tsunami 

code is collected of a stratified medium with two layers, as shown in Fig. 4. The first layer is composed of a 

homogeneous inviscid fluid with constant density 𝜌
1
 representing seawater, and the second layer is based on a

fluidized granular material with density 𝜌
𝑠
 and porosity 𝜑. In this study, the mean density of the fluidized

debris is constant and equals 𝜌
2
= (1 − 𝜑)𝜌

𝑠
+ 𝜑𝜌

1
, as noted in previous research [27]. The two fluids, water

and fluidized debris, are hypothesized to be immiscible in this study. The governing equations are written as 

follows: 

Continuity equation of the 1st layer. 

𝜕𝑍1

𝜕𝑡
+
𝜕𝑄

1𝑥

𝜕𝑥
+
𝜕𝑄

1𝑦

𝜕𝑦
= 0 

Momentum equations of the 1st layer in the X and Y directions. 
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Continuity equation of the 2nd layer. 
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(1) 

 where index 1 relates to the upper layer and index 2 indicates the second layer. 𝑍𝑖(𝑥, 𝑦, 𝑡), 𝑖 = 1, 2 is the level 

of the layer at each point (𝑥, 𝑦) at time 𝑡, where the level value is measured from a given reference level. 

𝑄
𝑖
(𝑥, 𝑦, 𝑡) , 𝑖 = 1, 2  is the vertically integrated discharge in the 𝑥  and 𝑦  directions. 𝑔  is the gravitational

acceleration, and 𝜌
1
 and 𝜌

2
 are the densities of the 1st layer and 2nd layer, respectively. 𝜏𝑖(𝑥, 𝑦, 𝑡) is the bottom
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stress in each layer at each point (𝑥, 𝑦) at time 𝑡. In system 1, the interaction between the 1st layer and the 2nd 

layer is determined by the fifth term of the momentum equation. 

2.4 Landslide parameter sensitivity and optimization 

Based on the uncertainty characteristic in the parameter of landslide movement, an inverse method was applied 

to determine optimal parameters that suitably describe the bathymetry after the volcano eruption. For the two-

layer model, the best-fit parameters were estimated by a grid search whereby different combinations of 

parameters repeatedly run on the model. A set of initial models were approached to obtain a rough idea of 

landslide parameter ranges. Two parameters were varied that the maximum landslide depth and the sliding 

time od landslide. The objective function, quality of fit, was considered by the sum square error (SE) index as 

a summation of squared differences between observed and simulated bathymetry at the spatial in front of the 

volcano. 

𝑆𝐸 =∑(𝑦𝑖
(𝑜𝑏𝑠.)

− 𝑦𝑖
(𝑠𝑖𝑚.)

)
2

𝑛

𝑖=1

 

(2) 

 The grid search method initializes that the result of the sum square error in a spare of a parameter is 

complex with a gradient-based minimization process, was unsuccessful to get stuck in a local minimum. Then, 

a global optimization procedure was selected to test the parameter space. The Differential Evolution (DE) 

procedure as provided by Storn and Price [28], was selected and implemented to the Eq. (1), as show the stream 

line in Fig.5. DE is a simple method and uses a few control variables to control the minimization. The method 

has a good performance to compare to other minimization procedure, based on a test dataset. On a stochastic 

search method, it is started from the random generation of parameter vectors, and new trial vectors are 

determined by disturbing a target vector from the existing vectors. The two-layer model is run by the trial 

vector parameters if its result of the objective function is lower than the trial vector replaces the target vector 

[29]. 

3. Results 

Numerical tsunami simulation results from possible subaerial/submarine landslide sources are presented in this 

section. The original position and final position areas were investigated to assess the impact of a tsunami 

generated by a volcanic landslide. The level of the potential tsunami on the coastal area was investigated on 

the basis of the maximum tsunami amplitude at the shoreline and coastal area, defined as the maximum tsunami 

height from the possible submarine landslide scenario. The maximum tsunami amplitude and inundation area 

from numerical modeling were calculated from terrain data with a grid size of 20 m for a simulation time of 

90 minutes. 

 Using the Two-layer model, the landslide of the Anak Krakatau eruption was simulated for a range of 

values of each parameter to get rough boundary on the values which best fit the observed bathymetry. The 

parameters that were varied were the maximum landslide depth in the range 100 – 450 m and the slideing time 

in the range 1 – 20 minutes.  Other parameters were kept fixed at water density = 1000 kg/m3, landslide density 

= 2,000 kg/m3, and manning coefficient = 0.025. 

  The global optimization method using Differential Evolution in section 2.4 was applied to determine the 

optimal landslide parameters. For the maximum thickness (D) and sliding time (T), the optimization was run 

with the bounds 100 ≤ D ≤ 450 m and 1 ≤ T ≤ 20 minutes, as results are shown in Fig. 6a. The lowest deviation 

from measured bathymetry is obtained for the parameter ranges 250 ≤ D ≤ 400 m and 7.5 ≤ T ≤ 13.5 minutes. 

The Two-layer model calculated soil movement for a landslide model with parameters in the best fitting range, 

D = 301.2 m and T = 10.8 minutes is shown in Fig. 6b along with the section line in Fig. 3a. Overall, the fit is 

very good and improvement for the underwater area is far from the shore approximately 1 km. 
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Fig. 5 – Stream line of global optimization combined to Two-layer model for modeling the 

subaerial/submarine landslide. 

Fig. 6 – Global optimization results, a) the colored points give the value of the objective function 

for each simulation run, b) results of optimum parameter. 
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Fig. 7 – Temporal evolution of the tsunami wave from optimum landslide parameters 

after: a) 5 s; b) 10 s; c) 30 s; d) 60 s. 

 

 

Fig. 8 – Arrival times of the leading tsunami wave measured by the positive amplitude when the 

wave amplitude is greater than + 0.3 m. 
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Fig. 9 – Comparison between observation and simulation at a) Ciwandan, b) Marina Jambu,

c) Panjang, and d) Kota Agung.
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Fig. 10 – Impact of tsunami along the coastline in area D: a) flood extent and location of observation 

point; b) water level along the coastline and comparing to observation data. 

 

 The simulation snapshots of tsunami propagation at different times are shown in Fig. 7 for 5, 10, 30, 

and 60 s after the tsunami was generated by the volcano eruption-induced landslide. Furthermore, a velocity 

decrease has been noted over the main high relief that produces an alteration in the concentric pattern in the 

arrival time map of the best fit parameters, as shown in Fig. 8. According to Fig. 9, which displays the tsunami 

wave amplitude time series at the tidal gauge around the Sunda Straits coast area with detided sea level. For 

the effects of the tsunami (from the best parameter), as shown in Fig. 10, along the coastline of Palu Bay are 

considered in the area D on Fig. 1. In the flood area on the coast, the observed tsunami height has an average 

value of approximately 10.5 m, with a maximum of 13.5 m at 10 km. A comparison of the simulation height 

with the surveyed sport presented in the underestimation as shown in Fig. 10b. 
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4. Conclusion

A large landslide was released from the south-western flank collapse of the Anak Krakatau volcano is modeled 

by a Two-layer model integrated code with a global optimization model to simulated the tsunami in the Sunda 

Straits. The parameter of the landslide model was estimated by the global optimization using the survey 

bathymetry after the event. The results show that the tsunami height of the best landslide parameter could reach 

up to 3-10 m along the shore on the underestimation to compare with the observation data. According to the 

wave form, the general wave pattern was well reproduced at the tide gauge during the event. Although the 

results are contained by some limitations. The landslide model was hypothesized by satellite images for the 

shape and the 3D ellipsoid for the volume. However, tsunami simulation related to this landslide is quite 

consistent with observed water heights. 

Although there are many uncertainties in the tsunami hazard evaluation, such as submarine landslide 

geometry, bathymetric and topographic datasets, and numerical modeling, as mentioned above, the intention 

was not to perform a probabilistic hazard evaluation. Instead, this study proposes that a set of 

subaerial/submarine landslides could have produced the Sunda Straits tsunami triggered by the 2018 Anak 

Krakatau volcano eruption. 
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