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Abstract—On December 22, 2018, a sector of the Anak Kra-

katau volcano edifice collapsed into the sea, generating a tsunami

that hit the Sunda Strait coasts in Indonesia. The collapse followed

a period of 6 months of volcanic activity that was insufficient to

warn the tsunami-threatened coastal population. The Anak Kra-

katau tsunami resulted in hundreds of casualties, thousands of

injured and displaced people, and massive coastal damage. This

paper uses the tsunami records, the collected field survey data, and

satellite imagery-based interpretations to develop a model of the

Anak Krakatau flank failure and tsunami. We address the dynamics

of the flank failure, the tsunami generation and propagation, and the

coastal impact using evidence-calibrated numerical modelling. An

in-house-developed multi-layer viscoplastic shallow-water numer-

ical code is employed to simulate the Anak Krakatau collapse mass

movement and the whole source-to-coast tsunami process. Our

results suggest that a flank collapse scenario involving a volume of

material of 0.135 km3 and occurring as a sequence of two failures

fairly reproduces the local and regional tsunami records and survey

data.

Keywords: Anak Krakatau volcano, tsunami, flank collapse,

numerical modelling, Indonesia.

1. Introduction

Indonesia is probably the most tsunami-prone of

the Indian Ocean countries, with one of the most

highly tsunami-vulnerable coasts in the world (Løv-

holt et al. 2014). Tsunami hazard on the Indonesian

coasts is mainly associated with large earthquakes

that often occur within the active subduction zones

and crustal faults (Horspool et al. 2014). The

December 26, 2004, event that took place off

Sumatra on Sunda Arc is an example of a megathrust

earthquake and tsunami that devastated the Indone-

sian coast, along with many other countries of the

Indian Ocean, killing over 230,000 people (Titov

et al. 2005). Since the devastating 2004 event,

Indonesia has experienced several moderate-to-large

tsunamigenic earthquakes that continuously threaten

its coastal community. More recently, on September

28, 2018, a massive tsunami followed the Mw7.5

Sulawesi earthquake that ruptured a 180-km-long

strike-slip crustal fault (Socquet et al. 2019; Hei-

darzadeh et al. 2018). The 2018 Sulawesi earthquake

and tsunami caused over 2000 fatalities (ASEAN

2018), and wave runup heights exceeded 7 m inside

the Bay of Palu (Omira et al. 2019; Mikami et al.

2019).

Compared with tsunamis of seismic origin, vol-

canic tsunamis are considered rare. Nevertheless,

they have occurred worldwide within distinct vol-

canic provinces and have been responsible for over

55,000 fatalities since 1600 (Auker et al. 2013;

Williams et al. 2019). Indonesia hosts one of these

critical volcanic provinces, which accounts for sev-

eral past volcanic tsunamis (Paris et al. 2014). Among

these events, the 1883 Krakatau remains the most

devastating and deadly volcanic tsunami in recorded

history. This tsunami event has been investigated

extensively, yet its generation mechanism is still

controversial, and several processes may have acted

in succession or together (Latter 1981; Yokoyama

1987; Francis 1985; Nomanbhoy and Satake 1995;

Carey et al. 2000; Choi et al. 2003; Maeno and

Imamura 2011). The controversy over the 1883 tsu-

nami source evidences the complexity of the

generation mechanism of volcanic tsunamis that can

involve volcano-tectonic earthquakes, slope
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instabilities, pyroclastic flows, underwater explo-

sions, shock waves, and caldera collapse (Paris 2015).

Anak Krakatau volcano, lying in the Sunda Strait

between Sumatra to the northwest and Java to the

southeast (Fig. 1a, b), was formed following the

major 1883 Krakatau eruption. Morphologically,

Anak Krakatau is partly built on a steep wall of the

1883 caldera, making it prone to flank collapse

occurrence (Paris et al. 2014) (Fig. 1c). Since 1928,

when it first emerged above sea level (Giachetti et al.

2012), Anak Krakatau has experienced continuous

stages of construction and destruction evidenced by

numerous eruption episodes. On December 22, 2018,

the growth of the volcanic island was interrupted by a

massive eruption, leading to the destruction of a large

sector of the volcano edifice. Consequently, a flank

collapsed into the sea and generated a tsunami that

struck the surrounding coasts of Sunda Strait. The

tsunami waves caused over 400 fatalities, injured tens

of thousands of people, and inflicted massive damage

to thousands of homes, businesses, and boats (Putra

et al. 2020; Takabatake et al. 2019).

The tsunami that followed the December 22,

2018, Anak Krakatau volcano eruption has been

thoroughly investigated by several research groups.

The published works include tsunami field surveys

(Muhari et al. 2019; Takabatake et al. 2019; Putra

et al 2020; Borrero et al. 2020), analysis of tsunami

records (Muhari et al. 2019), interpretation of satellite

images (Williams et al. 2019), analysis of seismic

signals (Walter et al. 2019), and numerical models of

flank collapse and subsequent tsunami propagation

(Grilli et al. 2019; Heidarzadeh et al. 2020; Paris

et al. 2020; Borrero et al. 2020). While these studies

provide rich data offering a unique opportunity to

better understand the volcanic tsunami hazard, the

generation mechanism of the Anak Krakatau tsunami

is still uncertain. This uncertainty is clearly evidenced

in the different volume estimates for the collapse

material as suggested by various studies. Grilli et al.

(2019) used numerical modelling to demonstrate that

a volume of 0.22–0.30 km3 is needed to reproduce the

recorded and observed tsunami. Similarly, Hei-

darzadeh et al. (2020) reported a volume in the range

of 0.175–0.326 km3. Paris et al. (2020) conducted

numerical simulations of tsunami propagation but

suggested that a smaller volume of 0.15 km3 would

be enough to generate the Anak Krakatau tsunami.

Williams et al. (2019) reconstructed the tsunamigenic

Figure 1
Location maps of Anak Krakatau volcano: a overview of the Anak

Krakatau location between Sumatra and Java islands in Indonesia;

b location of Anak Krakatau volcano within the Sunda Strait where

the tsunami was recorded by coastal tide gauges (black triangles)

and surveyed at Sumatra and Java coasts (red and blue dots);

c digital elevation model of the 1883 Caldera, including Anak

Krakatau and surrounding islands
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flank collapse through a careful satellite imagery-

based analysis, suggesting that a much smaller vol-

ume of 0.07 km3 was involved in the tsunami

generation.

This paper explores the generation mechanism,

propagation, and hazard extent of the Anak Krakatau

tsunami. It uses the available post-tsunami data

together with numerical modelling to infer a flank

collapse scenario that fairly reproduces the tsunami

observations.

2. Anak Krakatau Flank Collapse and Tsunami

Models

2.1. Failure Model

The failure mechanism of the flank collapse is a

key element in the volcanic tsunami generation

process. Whether the flank occurs in one-go collapse

or as a sequence of multiple failures strongly

influences the formation of the first wave when the

involved material plunges into the sea. Here, we

explore the hypothesis that the Anak Krakatau flank

collapse occurred as a sequence of two failures. We

infer this scenario from both eyewitness testimony

(Prasetya et al. 2019) and satellite imagery analysis

(Williams et al. 2019). We hypothesize that the Anak

Krakatau flank was first initiated by the collapse of

the lateral edifice, followed by the failure of the roof

of the volcano (Fig. 2). Figure 2 depicts the morpho-

logical analysis of the Anak Krakatau volcano edifice

based on Sentinel-1A satellite images captured before

(Fig. 2a) and * 8 h after the tsunami (Fig. 2b). The

inferred flank collapse scenario (Fig. 2c) is consistent

with both the testimony of eyewitnesses, who

described seeing the island ‘‘divided into two and

immediately followed by the peak collapse, which

resulted in more than one wave’’ (Prasetya et al.

2019), and the interpretation performed by Williams

et al. (2019).

To build the Anak Krakatau failure scenario, we

gathered the best available topographic and bathy-

metric data enabling the compilation of a high-

resolution digital elevation model (DEM) at the

tsunami generation area. We obtained the topo-

graphic data from DEMNAS (https://tides.big.go.id/

DEMNAS/index.html) with 10 m horizontal resolu-

tion. For the bathymetric data, the Indonesian

Geospatial Information Agency (BIG) (https://big.go.
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id) provided a pre-event 5-m-resolution grid of the

1833 caldera. The compilation of these data allowed

us to construct a 10-m-resolution DEM that enabled a

better representation of both bathymetric and topo-

graphic features of Anak Krakatau volcano and

surrounding islands (Figs. 1c, 3a).

During the failure process, the volume of the

material involved strongly influences the tsunami

generation and, therefore, the level and extent of

the associated hazard. Accurate evaluation of flank

collapse-induced tsunamis requires precise determi-

nation of the volume of the material involved. Here,

due to the lack of post-event bathymetry data and

seismic profiles that would allow us to determine the

mass-wasting deposit, we are only able to speculate

about the collapsed volume. Using basic morphologic

analysis, we infer a volume of * 0.1 km3 for failure

1, corresponding to the collapse of the lateral sector

of Anak Krakatau volcano edifice (Fig. 3b), and a

volume of * 0.035 km3 for the collapse of the

volcano roof (failure 2, Fig. 3c). The failure 1

scenario is consistent with the volume suggested by

Williams et al. (2019). For a collapse involving both

failures 1 and 2 (Fig. 3d), we obtain a volume

of * 0.135 km3, which is similar to the volume

estimate by Paris et al. (2020) and close to the lower

volume range estimate of Heidarzadeh et al. (2020).

On the other hand, our estimate of the Anak Krakatau

collapse volume is approximatly half the size of that

suggested by Grilli et al. (2019).

2.2. Tsunami Numerical Model

To simulate the Anak Krakatau collapse and the

wave induced by its mass entering the water, we

employ a multi-layered viscoplastic shallow-water

model solved in a finite volume scheme. In this in-

house-developed numerical code, the landslide

dynamics are governed by the viscoplastic Bingham

model, a simplified Herschel–Bulkley rheology

model (Jiang and LeBlond 1993; Huang and Garcia

1998; Imran et al. 2001), and the wave generation and

propagation are approximated by the non-linear

shallow-water equations. The viscoplastic Bingham

rheological model expresses the one-dimensional

stress–strain relation as follows:

ou
oz
¼ 0; s\s0

ou
oz
¼ 1

l s� s0ð Þ; s[ s0

(
; ð1Þ

where ou
oz

is the shear rate, u is the horizontal flow

velocity, z is the vertical axis positive upward, s is the
shear stress, s0 is the yield (or Bingham) stress, and l
is the coefficient of dynamic viscosity.

In this study, we use De Blasio et al. (2005)

formulation to account for the time variation of the

yield stress:

s0 cð Þ ¼ s0;t¼1 þ s0;t¼0 � s0;t¼1
� �

e�Cc; ð2Þ

where c is the total shear deformation, s0;t¼0 and

s0;t¼1 are the initial and residual yield stresses, and C
is a dimensionless coefficient to quantify the effi-

ciency in the strength loss. For the Anak Krakatau

collapse movement we considered s0;t¼0 ¼ 50 kPa,

s0;t¼1 ¼ 20 kPa, and C ¼ 0:0005.

In a viscoplastic model, the landslide layer is

composed of two distinct zones: a shear deformable

zone of thickness Ds, and a non-deformable plug zone

of thickness Dp. In this paper, we follow the

Skvortsov and Bornhold (2007) formulation of con-

tinuity and momentum equations allowing the entire

landslide thickness (D) to be determined by intro-

ducing a relative thickness (d1, see Eq. 3), instead of

the classical approach of solving two separate

systems of equations involving both thicknesses Ds

and Dp (Jiang and LeBlond 1993; Imran et al. 2001).

Additionally, we ensure that the equations governing

the landslide dynamics integrate a realistic presenta-

tion of the bathymetry slopes and the landslide

subaerial part, following Fine et al. (2003) and

Thomson et al. (2001).

The dynamics of the landslide body and the

generation and propagation of the subsequent tsunami

are respectively governed by the systems of Eqs. (3)

and (4), expressed in Cartesian coordinates as

follows:

bFigure 2

Analysis of Anak Krakatau flank collapse morphology: a satellite

image of Anak Krakatau volcano captured by Sentinel 1A before

the tsunami event, on December 10, 2018; b satellite image of

Anak Krakatau volcano captured by Sentinel 1A * 8 h after the

tsunami event, on December 22, 2018; c interpretation of the Anak

Krakatau flank collapse that generated the tsunami
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Figure 3
Anak Krakatau flank failure model: a head-scars of failures 1 and 2 within the Anak Krakatau topography; b failure 1 plan identification

within the Anak Krakatau volcano; c failure 2 plan identification within the Anak Krakatau volcano; d cross-section of the flank collapse

model including both failures 1 and 2

Evidence-Calibrated Numerical Model of December 22, 2018
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where D is the thickness of the landslide; g is the

water free surface displacement; hs is the static water

depth (bathymetry); u, v, U, V are the horizontal

components of the velocities in the x- and y-direc-

tions of the wave and the landslide, respectively; g is

the gravity acceleration; q1 and q2 are the densities of
the water and the landslide, respectively; d1 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2 þ 2k
p

� k is the shear layer relative to total

thickness; k ¼ l Uj j
s0D 1�d1

3ð Þ is the viscoplastic ratio

(0\ k\?); /¼ 1� 7
15

d1

1�d1
3ð Þ2

is a coefficient constrained

between 1\/\ 1.2; andU ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 þ V2

p
is the full

speed.

3. Results and Discussion

3.1. Anak Krakatau Tsunami Generation

We simulate the dynamics of the Anak Krakatau

flank collapse and the resulting tsunami generation

(Fig. 4). Here, the Anak Krakatau collapse is

assumed to occur as a sequence of two failures

(failure 1 and failure 2, Fig. 3), with a time lag of

5.0 s. Such a short time lag is considered to match the

eyewitnesses testimony, reporting an immediate col-

lapse of the volcano roof following the lateral failure.

At t = 0 s, the lateral flank (failure 1), with an

estimated volume of * 0.1 km3, is initiated and

starts moving downslope (Fig. 4a). It is immediately

(after 5 s) followed by the collapse of the volcano

roof (failure 2), volume * 0.035 km3, that rapidly

plunges into the sea (Fig. 4b). The material removed

from both failures moves rapidly down the steep

slope (Fig. 4c) and reaches a steady state after 75 s

(Fig. 4d). At this stage, the simulated dynamics of the

Anak Krakatau flank collapse suggest a material

deposit spreading over an area of * 7.5 km2 within

the Krakatau caldera, with a maximum runout

distance of about 2.8 km. These results are in good

agreement with the data obtained from the prelimi-

nary post-event bathymetric survey that showed the

presence of collapse deposits extending at similar

runout distances (Muhari et al. 2019).

The Anak Krakatau tsunami is initiated immedi-

ately following the collapse of the lateral flank

(failure 1) that perturbs the nearshore water, leading

to the formation of a wave of about 25 m in height

(Fig. 4f). The formed tsunami continues growing and

propagating away from the Anak Krakatau shoreline,

while the landslide from both failures is moving

downslope and pumping the energy into the wave

(Fig. 4g). During the tsunami generation phase, we

observe that the landslide and the formed wave move

at approximately the same speed (Fig. 4), suggesting

possible resonance interaction between the two

moving layers. At t = 75 s, with the landslide in its

steady state, the tsunami generation process is

completed with the formation of a large wave

of about 45 m in height (Fig. 4h). The results

obtained by Heidarzadeh et al. (2020) and Paris

et al. (2020) estimated an initial tsunami wave with

height of 100 m and 80 m, respectively.

R. Omira and I. Ramalho Pure Appl. Geophys.



Figure 4
Simulations of Anak Krakatau flank collapse dynamics and tsunami generation: a–d snapshots of the downslope mass failure movement; e–

h snapshots of tsunami generation, with dashed contours marking the flank failure limits. AK Anak Krakatau, SI Sertung Island, PI Panjang

Island, RI Rakata Island

Evidence-Calibrated Numerical Model of December 22, 2018



3.2. Anak Krakatau Tsunami Propagation

and Hazard Extent

We simulate the propagation over the Sunda Strait

of the Anak Krakatau tsunami from its source to both

the Sumatra and Java coasts. Our simulations provide

the synthetic waveforms at coastal tide gauge loca-

tions that recorded the tsunami signal, the maximum

wave height distribution in Sunda Strait, and the

tsunami inundation, flow depths, and runup heights at

the islands surrounding Anak Krakatau, where

tsunami observations are available. We then analyse

and compare the obtained results with recorded,

surveyed, and observed data from the Anak Krakatau

tsunami.

Figure 5 depicts the computed waveforms plotted

together with the tsunami records from four coastal

tide gauges, namely Marina Jambu (Fig. 5a) and

Ciwandan (Fig. 5b) at the Java coast (Fig. 2b, for

location), and Kota Agung (Fig. 5c) and Panjang

(Fig. 5d) at the Sumatra coast (Fig. 2b, for location).

Overall, the numerical simulation results fairly

reproduce most of the signals recorded at the tide

gauges, particularly regarding the maximum height of

the tsunami and its arrival time. Recorded versus

modelled heights of the first higher wave, respec-

tively, show 1.33 m vs. 1.34 m at Marina Jambu

(Fig. 5a), 0.37 m vs. 0.32 m at Ciwandan (Fig. 5b),

0.32 m vs. 0.21 m at Kota Agung (Fig. 5c), and

0.34 m vs. 0.15 m at Panjang (Fig. 5d). Arrival time

also shows some differences between simulated and

recorded tsunami signals, with delays of * 1 min at

Kota Agung and 2.3 min at Ciwandan (Fig. 5).

Despite the differences in volume estimates and

collapse mechanisms, the simulations presented in

the research articles by Grilli et al. (2019) and Paris

et al. (2020) show similar disagreements in arrival

times and wave heights between the modelled

tsunami waveforms and the recorded signals. We

Figure 5
Comparison between recorded (in black) and simulated (in blue) tsunami wave heights at tide gauge stations of a Marina Jambu, b Ciwandan,

c Kota Agung, and d Panjang

R. Omira and I. Ramalho Pure Appl. Geophys.



believe that the quality of the nearshore bathymetric

data used here strongly affects the modelling results,

leading to the inconsistency between the synthetic

and recorded waveforms.

To provide insight into the extent of the Anak

Krakatau tsunami hazard, we present the overall

distribution of maximum wave heights within the

Sunda Strait (Fig. 6). Figure 6a suggests that the

Anak Krakatau tsunami reached the coast of Java

with higher waves than those reaching the coast of

Sumatra. These results are in good agreement with

the field survey results that reveal a higher tsunami

impact in Java than in Sumatra (Muhari et al. 2019)

(Fig. 6b). Analysis of the results illustrated in Fig. 6a

also indicates that the tsunami wave underwent

significant dissipation when travelling from the

source area towards the coasts of both Java and

Sumatra. Within the volcano caldera, the tsunami

wave is as high as 45 m. Tens of kilometres away

from the source area, the tsunami wave heights are

noticeably attenuated when reaching the coasts of

Java and Sumatra (Fig. 6). Significant dissipation of

wave energy is a common characteristic of tsunamis

caused by non-seismic sources, such as submarine

landslides or flank collapses. Such point-source

tsunamis often cause high local but limited regional

and far-field impact.

Locally, the Anak Krakatau volcano is surrounded

by three other volcanic islands, namely Sertung

(northwest), Rakata (southeast), and Panjang (north-

east) (Fig. 1c, for location). On both islands facing

the collapse (Sertung and Rakata), the Anak Krakatau

Figure 6
Regional Anak Krakatau tsunami hazard extent: a maximum tsunami wave height simulated in Sunda Strait; b comparison between field

survey flow depth (FD) (blue bars) and simulated maximum wave height (MWH) (orange bars) at survey coastal locations (blue dots in a)

Evidence-Calibrated Numerical Model of December 22, 2018



tsunami has left clear inundation marks on the coastal

vegetation, enabling the estimate of runup height

(Muhari et al. 2019; Paris et al 2020). Muhari et al.

(2019) report runup height of 15 m at Rakata and up

to 40 m at Sertung, while Paris et al.’s (2020)

estimates are in the range of 25–30 m for both

islands. Simulations of the inundation, including flow

depths and runup heights, resulting at the Sertung and

Rakata coasts from the Anak Krakatau tsunami are

depicted in Fig. 7. These results evidence the high

tsunami impact on the island coasts facing the source

area. Here, the modelled maximum flow depth

reaches 45 m at Sertung and 30 m at Rakata

(Fig. 7a, b), and the runup is up to 60 m in height

(Fig. 7c, d). Simulated runup heights at aerial survey

locations (see Fig. 7) show values in the range of

18–45 m at the Sertung coast and 15–30 m at the

Rakata coast (Fig. 7c, d). These values are consistent

with runup heights reported by Muhari et al. (2019)

and Paris et al. (2020).

It is clear from both the local (Figs. 4, 7) and

regional (Figs. 5, 6) tsunami hazard modelling results

Figure 7
Local tsunami coastal impact: a Sertung Island inundation flow depth map; b Rakata Island inundation flow depth map; c Sertung Island runup

height map; d Rakata Island runup height map. Dashed rectangles mark the locations of the aerial survey

R. Omira and I. Ramalho Pure Appl. Geophys.



that the focus of the tsunami energy is within the

Anak Krakatau-Sertung-Rakata basin. Islands of this

basin serve as natural protective barriers against the

propagation of a highly energetic tsunami towards the

coasts of Java and Sumatra. The relatively low

tsunami energy that reached these coasts resulted

from the waves escaping the Anak Krakatau-Sertung-

Rakata basin. A similar effect of a semi-enclosed

basin on the extent of volcanic tsunami hazard was

reported in the volcanic archipelago of Azores, NE

Atlantic region (Omira et al. 2016).

It is worth mentioning here that despite the

satisfactory numerical results obtained using the

two-stage Anak Krakatau flank collapse, the hypoth-

esis of one-go collapse cannot be ruled out. Previous

studies that considered a one-stage Anak Krakatau

flank collapse also show simulation results in good

agreement with the tsunami observations (Grilli et al.

2019; Paris et al. 2020). Further investigation of the

post-collapse deposit, through acquisition of high-

resolution bathymetric and seismic data, could help

provide important insight into the failure mechanism

of the Anak Krakatau flank.

4. Conclusions

The tsunami that followed the December 22,

2018, Anak Krakatau eruptive activity evidenced the

potential of ocean volcanic islands in generating

major sea waves. Nevertheless, it illustrated the

limitation of tsunami warning systems in dealing with

volcano events and brought to the fore the complexity

of the volcanic tsunami�s generation mechanism. In

this paper, we explore the Anak Krakatau failure

mechanism and the induced tsunami generation and

propagation at both local and regional scales. We use

the best available Anak Krakatau post-event data,

namely the tsunami recorded and survey data, to

calibrate the numerical models employed to simulate

the dynamics of the flank collapse and the source-to-

coast tsunami propagation and coastal impact.

In conclusion, we summarize the main findings of

this study as follows:

1. We propose a flank failure scenario consistent

with eyewitness testimony and satellite imagery

interpretation, which involves a volume of 0.135

km3, occurring as a sequence of two failures.

2. The 0.135-km3 volume flank collapse allows for

simulating tsunami waves that reproduce quite

well the post-event Anak Krakatau tsunami data.

3. Comparison between the simulated and recorded

waveforms shows some dissimilarities in arrival

time and wave height, which may be attributed to

the quality of the nearshore bathymetry data used

in the modelling.

4. The numerical results evidence the high local and

limited regional tsunami impact of the Anak

Krakatau tsunami, a common characteristic of

non-seismic tsunamis.

5. The islands surrounding the Anak Krakatau vol-

cano may have played a role as natural protective

barriers preventing the propagation of higher

tsunami waves towards the coasts of Java and

Sumatra.
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