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Preface
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The thesis is a collection of three papers. The papers are preceded by
an introductory chapter that relates them together, provides background
information, and the objective and motivation for the work. Two of the papers
are published in a scientific research journal, and the third paper is planned
to be submitted to a journal. All three papers are joint work with different
constellations of my supervisors and other researchers such as Finn Løvholt,
Roger Urgeses, Geir Kleivstul Pedersen, Carl Bonnevie Harbitz, and Abdul
Muhari.
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Chapter 1

Introduction

1.1 State of the art

Mass movements are the second most important sources for tsunamis after
earthquakes (Harbitz et al. 2014). While earthquake triggered tsunamis have
been studied extensively over the last 60 years, mass movement triggered tsunamis
have been increasingly recognized over the last 20 to 30 years (Hampton et al.
1996; Locat et al. 2002; Masson et al. 2006; Ten Brink et al. 2009; Vanneste
et al. 2011). Figure 1.1 shows a schematic two-dimensional illustration of a
simplified mass movement triggered tsunami. The 1998 Papua New Guinea
tsunami was the first mass movement triggered tsunami to attract the attention
of the scientific community (Synolakis et al. 2002; Lynett et al. 2003; Tappin
et al. 2008). This event caused unusual run-up distributions, with surprisingly
large run-up heights observed near the source, and smaller run-up heights in the
far-field than expected from earthquake tsunamis. This made clear that a mass
movement was the source (Ward 2001; Bardet et al. 2003).

Fig. 1.1. Schematic illustration of mass movement triggered sea surface waves in an x-z-coordinate
system. The mass moves down a constantly inclined submarine slope driven by the gravitational
acceleration g. η represents the sea surface elevation.

In this thesis, we deal with three types of mass movements (Nardin et al.
1979; Mulder et al. 1996; Locat et al. 2002; Grilli et al. 2005):

• Submarine slumps, which sometimes cause extremely large near reaching
tsunamis (Bardet et al. 2003; Tappin et al. 2008);

• Translational submarine slides, which can occur on low gradients of < 2◦

and mobilise volumes of several thousands of km3 over run-out distances up
to 200 km. They may cause tsunamis with more widespread consequences
(Løvholt et al. 2005; Masson et al. 2006; Vanneste et al. 2011) than slumps;
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1. Introduction

• Volcanic flank collapses, which can induce tsunami heights in the order of
100 m at the source.

Events can consist of a combination of mass movements. For instance, a
submarine translational slide can disintegrate into a turbidity current with
a relatively dilute suspension of sediment grains (Hampton et al. 1996; Masson
et al. 2006), or a volcanic flank collapse initiated as a debris avalanche of
cohesionless rock fragments can continue as a submarine debris flow.

Historical events that caused disastrous tsunamis are, for instance,

• the 8.2 ka BP Storegga event (Harbitz 1992; Bondevik et al. 2005; Kim
et al. 2019);

• the 1741 Oshima-Oshima event (Satake 2001, 2007);

• the 1792 Mount Unzen in the Shimabara Bay event (Sassa et al. 2016);

• the 1883 Krakatoa event (Nomanbhoy et al. 1995);

• the 1929 Grand Banks event (Fine et al. 2005; Løvholt et al. 2018; Schulten
et al. 2019);

• the 1998 Papua New Guinea event (Synolakis et al. 2002; Tappin et al.
2008);

• the 2002 Stromboli Island event (Tinti et al. 2005);

• and the recent 2018 Anak Krakatoa event (Muhari et al. 2019; Putra et al.
2020; Grilli et al. 2019).
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1.2 Motivation

Tsunamis can be a threat to human lives, coastal cities and infrastructure, as
well as offshore installations including platforms, pipelines, and ships, in the
form of direct waves or currents. A famous example is the 1929 Grand Banks
event (see above). A tsunami devastated the Burin Peninsula, Newfoundland,
with three wave crests from 2 to 7 m high. Twenty-eight people died, as well as
homes, ships, and businesses were destroyed (e.g. Piper et al. 1999).

To reduce the outcome of such disastrous events, the mass movement
initiation, the flow mechanics, and the coupling to tsunami genesis must be
better understood. Numerical simulation results are compared to experiment
results, as well as to mapped mass movements, or to records of historical tsunami
metrics, for instance at measurement stations. These comparisons are used to
validate the numerical models, which can predict future potential events.

This doctoral thesis is a part of the ITN-SLATE project (International
Training Network – Submarine Landslides And Their impact on European
continental margins) whose main goal is to investigate submarine mass movements
and associated geohazards as important natural risks that threaten offshore
infrastructures and coastal regions in Europe. This thesis adds to the
understanding of the evolution of submarine landslides and their coupling to
tsunami genesis, through numerical modelling. We show how different failure
mechanisms and flow dynamics govern tsunami genesis, and describe how single
failure and multistage failure mechanisms affect tsunami genesis differently. We
show sensitivities, for instance, to the type of mass movement and to their location
on tsunami genesis. Important relationships between landslide properties and
tsunami metrics are established through this process.

There are a total of fifteen doctoral students within the ITN-SLATE project,
with only one other focussing on tsunamis. He focuses on the small-scale
interaction between the water body and the landslide mass, as well as on the
development of a multi-phase fluid mechanics model that takes into account
the coupled dynamics of a landslide tsunami. The other thirteen doctoral
students investigate preconditioning factors and trigger mechanisms of submarine
landslides. In general, all fifteen doctoral studies add to a bigger picture of
submarine landslides and their consequences, which are important for society
and economic sustainability.
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1. Introduction

1.3 Objective

Numerous factors govern the submarine landslide triggered tsunami genesis
(Watts 2000; Ward 2001; Fritz et al. 2003; Fine et al. 2003; Grilli et al. 2005;
Haugen et al. 2005; Løvholt et al. 2005; Harbitz et al. 2006; Heller et al. 2008;
Løvholt et al. 2015; Yavari-Ramshe et al. 2016). For submarine landslides, a
measure of tsunami genesis efficiency is the Froude number, which is defined
as the ratio between the landslide velocity and the hydrostatic tsunami speed
c0 =

√
gH where g is the gravitational acceleration and H the water depth.

Most often submarine landslides are sub-critical, meaning that Fr << 1. The
produced waves will run away from the generation area above the moving
landslide (Løvholt et al. 2005; Harbitz et al. 2006). Tsunami genesis becomes
more critical in shallow water due to the tsunami speed being smaller and being
comparable to the landslide velocity, which favours wave amplification (Ward
2001; Tinti et al. 2005). Therefore, submarine landslide tsunamis can be more
hazardous in shallow water.

A technical landslide parameter that is important for tsunami genesis is
the landslide’s initial yield strength. A stiffer landslide with larger initial yield
strength causes smaller peak landslide velocities and smaller initial landslide
accelerations, which results in smaller peak sea surface elevations than with softer
landslide materials. Also the geometric configuration of the initial landslide mass
is important for tsunami genesis. Slumps can cause larger and shorter waves
than landslides with long run-out.

Next to some important governing parameters discussed above, including
the Froude number, slide type, and initial yield strength, we aim to show
the relationship between several other geotechnical, geometric, and kinematic
parameters such as the remoulding rate, residual yield strength, hydrostatic
resistance parameters, slope angle, landslide volume, initial failure area, rotational
acceleration and tsunami genesis.

Parametric relations between various landslide parameters and sea surface
elevations at the shore may appear different for each setting. Therefore, it is
generally difficult to relate source parameters to tsunami metrics at the shore.
The reason is the propagation of waves over varying bathymetry, which implies
effects from travelled distance, diffraction, refraction, interference, and local
run-up, which may incorporate significant challenges. Also, dispersion and non-
linearities have to be tested before applying any long-wave models to specific
cases.
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1.4 Methods

1.4.1 Submarine landslide modelling

Submarine landslides can consist of a multi-layer structure: a dense debris flow
at the bottom is overlain by a dilute turbidity current (Heerema et al. 2020).
The dense debris flow is either considered as a granular cohesionless flow (Rauter
et al. 2020) or as a clayey viscoplastic flow (Løvholt et al. 2017; Kim et al. 2019).
The viscoplastic flow causes no deformation as long as the shear stress of the
flow material does not exceed the yield strength. As soon as the yield strength is
exceeded, the flow behaves as a viscous shear-thinning non-Newtonian fluid. This
flow behaviour is defined as Herschel-Bulkley rheology, which is incorporated
in our applied numerical landslide model called BingClaw. In this model, the
material flows as a top plug layer with an underlying shear layer.

Various numerical models incorporate the physical processes of hydroplaning
and shear wetting (also known as yield strength remoulding) in order to be able
to capture large run-out distances of submarine landslides. The BING model
(Imran et al. 2001; De Blasio et al. 2004) incorporates hydroplaning and its
extension called W-BING model additionally includes shear wetting (De Blasio
et al. 2005). BingClaw incorporates yield strength remoulding (De Blasio et al.
2005; Kim et al. 2019), but does not include hydroplaning (Mohrig et al. 1998;
De Blasio et al. 2004). Nevertheless, the remoulding of the yield strength was
sufficient in order to match the large run-out distance of the Storegga Slide
using BingClaw. This model incorporates a heuristic formulation that lowers
an initial yield strength to a residual yield strength based on the accumulated
shear deformation (Kim et al. 2019).

1.4.2 Tsunami modelling

In our tsunami model, the sea surface is flat before the submarine landslide
flows down the slope. As soon as the landslide mass fails, any vertical upward
motion of the landslide causes an uplift (and any vertical downward motion
a depression) on the sea surface. The process of wave generation continues
and the repeated interference of sources and sinks produces a complex wave
field until the landslide stops moving. Our submarine landslide-tsunami model
assumes that the generated waves at the sea surface are entirely caused by the
vertical displacement of the fluid column directly above the landslide induced
temporal volumetric change of the bathymetry. We neglect second-order effects
such as shear stresses at the water-landslide interface. Our submarine landslide-
tsunami model includes a low-pass filter that conveys the seabed displacements
to sea-surface displacements based on full-potential wave theory (Kajiura 1963;
Pedersen 2001; Løvholt et al. 2015).

We model submarine landslide triggered tsunamis as long waves, meaning
that their typical wavelength is large compared with the water depth. In the
case when the typical wavelength is much larger than the water depth, the
pressure can be approximated as hydrostatic, the vertical particle motion can
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1. Introduction

be neglected, and the horizontal motion is nearly uniform in depth. The depth-
averaged linear shallow water equations describe the propagation of such waves
with hydtrostatic tsunami speed c0 fairly accurately. On the other hand, in
scenarios when the typical wavelength is not much larger than the water depth,
but the long-wave theory is still applicable, then wave frequency dispersion
becomes important (Ward 2001; Lynett et al. 2003; Haugen et al. 2005; Harbitz
et al. 2006; Glimsdal et al. 2013). The water pressure is not hydrostatic anymore
as the vertical acceleration of the water particles is included in an approximate
sense. The depth-averaged linear Boussinesq equations can be used to simulate
linear dispersive propagating waves. The tsunami speed c then also depends on
the wave number k and it can be written as c ≈ c0

(
1− 1

6 (kH)2
)
for the leading

dispersive terms. Based on this tsunami speed, longer waves are at the front.
Tsunamis with relatively short wavelengths leading to dispersion are usually

triggered by submarine slides with rapid acceleration or deceleration (see Fig. 4
by Harbitz et al. 2006) such as slumps. An example for a landslide tsunami with
strong dispersive effects is the 1998 Papua New Guinea tsunami (Lynett et al.
2003). On the other hand, dispersion is less important for tsunamis dominated by
relatively long wave components. These long wave components are produced by
landslides with a smooth velocity profile, which is produced mainly by landslides
with long run-out distances (see Fig. 5 by Harbitz et al. 2006). A historical
example for when frequency dispersion is of little importance is the giant 8.2 ka
BP Storegga Slide tsunami off the Norwegian west coast (Bugge et al. 1988;
Harbitz 1992; Bondevik et al. 2005; Harbitz et al. 2006; Kim et al. 2019).

Next to dispersive effects, non-linear effects can become important in long-
wave theory when the sea surface elevation η of the wave is comparable to the
water depth H. Then the wave speed depends on η as c = c0 (1 + 3

2
η
H ). As

a result, the waves steepen and might break. Usually, the non-linear shallow
water equations or the full Boussinesq equations are used for this case. When
shoaling, it is possible that both dispersion and non-linearities interplay and
produce undular bores. These undular bores can, if the tsunami travels in
shallow water, transform into a sequence of solitary waves. A historical example
of a landslide tsunami where non-linearities and dispersion play an important
role is the Hinlopen Slide tsunami in the Arctic Ocean (Vanneste et al. 2006;
Winkelmann et al. 2008; Vanneste et al. 2011). The full Boussinesq equations
may be be applied for this physical phenomenon in order to grasp both physical
effects. However, undular bores and solitary waves are not the subject of this
thesis and the full Boussinesq equations have not been used.
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1.5 Synthesis of the three papers

Paper I focuses on the dynamics of submarine rotational slumps and the
effects on tsunami genesis. Slumps have high accelerations, short tsunami
genesis time scales, and destructive interference between the frontal and rear
waves. Nevertheless, slumps can lead to strong tsunami genesis. As many
historical catastrophic tsunamis originated from a slump source, we need to
better understand slump triggered tsunamis. The interplay between the sediment
properties and tsunami genesis is a key factor.

To this day, the link between the sediment properties and tsunami genesis is
not well understood, because previous authors tackled the slump motion as a
block with prescribed velocities (Løvholt et al. 2018). This approach is simple
to use and gives good control on kinematics, but it does not offer much insight
into physical processes that drive the slump motion. We, on the other hand,
use a deformable landslide model for the slump motion and can shed light onto
the physical processes. Thereby, we can relate geotechnical sediment properties
directly to tsunamis. In order to do so, we simulate a large amount of slumps
with various geotechnical parameters, among others, the yield strength of the
landslide mass. The slump is represented by various geometric configurations on
a simplified bathymetry. As a first direct representation, we show relationships
between geotechnical parameters such as the yield strength of the slump materials
and the generated maximum sea surface elevation. Figure 1.2 shows this core
result from Paper I.
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Fig. 1.2. Maximum landward sea surface
elevations as a function of yield strength for
a selection of different slump volumes (cross-
sectional areas A). The landward elevations travel
towards the coast and in opposite direction as the
initial slump motion.

In order to relate the viscoplastic
slump source to previously used block
sources, we also relate kinematic
parameters, such as velocity and
acceleration, to the maximum
generated sea surface elevation. For
instance, the scaled horizontal velocity,
also known as the Froude number,
relates to the maximum sea surface
elevation in the same manner as for
landslide-tsunamis simulated with
blocks. Yet, this paper is the first to
report a relationship between angular
momentum of the slump mass and
the maximum sea surface elevation.
This indicates that tsunami genesis
can be directly linked to rotational
kinematic slump properties. In addition to comparing kinematic relationships
with tsunami genesis, we validate our viscoplastic model for slumps on idealised
bathymetries towards the historical 1929 Grand Banks slump tsunami (Fine
et al. 2005; Løvholt et al. 2017; Schulten et al. 2019). Simulating the 1929
event ensures that the geometric and geotechnical parameter ranges used for the
idealised study are realistic.
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In addition to the slump source as a single failure, we investigate the failure
mechanics of landslides, indicating a partial release of initial failure masses, in
Paper II. We employ the same viscoplastic rheological flow model as for the
slump source above, but with the extension of pre-remoulding parts of the initial
landslide mass. If the lower parts of the landslide mass are pre-remoulded, a
retrogressive failure is mimicked. Such a failure model has been successfully
applied to the 8100 BP Storegga Slide that failed from the bottom up (Kim
et al. 2019). The recent 2018 Anak Krakatoa volcanic flank collapse and tsunami
(Grilli et al. 2019; Muhari et al. 2019; Putra et al. 2020) attracted attention right
before the start of this study. As several flank collapses can fail retrogressively
(e.g. Hunt et al. 2013), we apply our retrogressive landslide model to this recently
happened flank collapse of Anak Krakatoa.

Prior to failure, the flank had been submerged, meaning that the initial
release mass could have been entirely submarine or partly subaerial, which
depends on the initial release volume. An initial release that is mainly submarine
induces a dipole-like wave whereas a mainly subaerial initial release induces only
a positive initial wave elevation. The location and volume of the initial release
indicates a strong effect of the failure mechanism on tsunami genesis. One aim
in Paper II is to show that the flank collapse was most likely a single stage
failure according to wave metrics measurement stations at the coasts of Java and
Sumatra. Figure 1.3 shows the sea surface elevations in Marina Jambu (Java)
and Panjang (Sumatra), for instance, for different initial release volumes.

Fig. 1.3. Sensitivity to the pre-remoulded initial release volume. The top panel shows sea surface
elevations in Marina Jambu at the Java coast and the bottom panel the ones in Panjang at the
Sumatra coast. Black and gray lines are observations and coloured lines are simulation results. The
initial water depth at the gauges is indicated with h. A simulated initial release volume Vr = 100%
matches the observation best.

For this event, our simulations show that tsunami propagation, including
arrival times and sea surface elevations at the coasts, is sensitive to bathymetric
data. For this reason, a bathymetric grid representing the correct water depths
at the time of the event, is crucial for a correct calibration of model parameters.
With this chapter, we show that our landslide flow model is suited for modelling,
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at least, the flank collapse of the volcano Anak Krakatoa in 2018 (Giachetti
et al. 2011; Watt et al. 2014), and that tsunami genesis depends strongly on the
landslide’s failure mechanism.

Apart from modelling historical events such as done in Paper I andPaper II,
Paper III is devoted to calibrating geotechnical parameters towards a statistical
submarine landslide database of the Gulf of Cadiz. The difference to the
theoretical study in Paper I is that in Paper III we look at a much more
general set of landslides, not only slumps. We constrain geotechnical parameter
ranges based on simplified geometries of 471 mapped submarine landslides and
based on knowledge about reasonable ranges for geotechnical landslide parameters
from other studies (Løvholt et al. 2017; Kim et al. 2019; Løvholt et al. 2018;
Ren et al. 2019; Zengaffinen et al. 2020). Further, we perform a large amount of
landslide-tsunami simulations with the obtained source configurations from the
landslide database of the Gulf of Cadiz, which sheds light on a wide uncertainty in
tsunami genesis. Figure 1.4 shows the large uncertainty in maximum sea surface
elevations based on observed source parameter ranges. Parametric relationships
between geometric and geotechnical slump and translational landslide parameters
and tsunami genesis can explain the large scatter. With these relationships, we
are able to validate previous findings from e.g. Løvholt et al. 2005, which were
based on a flexible smoothed box with prescribed slide motion.

The large uncertainty in tsunami genesis is important for prognostic modelling
in a probabilistic framework. As seen above, tsunami genesis is sensitive to a
range of parameters, and thus probabilistic tsunami hazard analysis should take
into account all various combinations of possible parameter values combined with
assigned probabilities. This last chapter serves as baseline for a probabilistic
tsunami hazard analysis in the Gulf of Cadiz and elsewhere.

Fig. 1.4. Landslide volume versus maximum sea surface elevation at a 100 m deep gauge located
towards the coast right behind the landslide. The most sensitive landslide source parameter, the
slope angle at the source θ, is colour-coded. The large scatter of the simulation results implies a
huge tsunami uncertainty based on numerous source input parameters based on submarine landslide
observations.
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In summary, the present doctoral study shows that our landslide-tsunami
model is capable of simulating a wide range of submarine and submerged
landslides and their triggered tsunamis. Also, parametric relationships between
landslide properties and tsunami metrics are validated from previous literature
based on our more sophisticated landslide model, as well as new findings are
obtained. We indicate that the wide uncertainty range in tsunami genesis based
on various source parameters can be input to future probabilistic tsunami hazard
analyses.
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Abstract: Sediment slumps are known to have generated important tsunamis such as the 1998 Papua New
Guinea (PNG) and the 1929 Grand Banks events. Tsunami modellers commonly use solid blocks with short
run-out distances to simulate these slumps. While such methods have the obvious advantage of being simple
to use, they offer little or no insight into physical processes that drive the events. The importance of rotational
slump motion to tsunamigenic potential is demonstrated in this study by employing a viscoplastic landslide
model with Herschel–Bulkley rheology. A large number of simulations for different material properties and
landslide configurations are carried out to link the slump’s deformation, rheology, its translational and rotational
kinematics, to its tsunami genesis. The yield strength of the slump is shown to be the primary material property
that determines the tsunami genesis. This viscoplastic model is further employed to simulate the 1929 Grand
Banks tsunami using updated geological source information. The results of this case study suggest that the visco-
plastic model can be used to simulate complex slump-induced tsunami. The simulations of the 1929 Grand
Banks event also indicate that a pure slumpmechanism is more tsunamigenic than a corresponding translational
landslide mechanism.

Landslides constitute the second-most important
tsunami source worldwide after earthquakes (Tappin
2010; Harbitz et al. 2014; Yavari-Ramshe and
Ataie-Ashtiani 2016). Most recently, the 2018 Anak
Krakatoa event caused several hundred fatalities
(Grilli et al. 2019). Between 2007 and 2017 a string
of at least five additional large subaerial landslides
impacted water and generated run-up heights in the
range of 30 to 150 m (Sepúlveda and Serey 2009;
Wang et al. 2015; George et al. 2017; Gylfadóttir
et al. 2017; Paris et al. 2019). Submarine landslide
tsunamis are less frequent than these subaerial land-
slide tsunamis, but the largest recognized events
worldwide indisputably illustrate their destructive
potential and importance for society. Fatal examples
of such submarine landslides are the 1998 Papua
New Guinea (PNG) (Synolakis et al. 2002), 1992
Flores Island (Yeh et al. 1993), 1979 Lembata Island
(Yudhicara et al. 2015) and 1929 Grand Banks land-
slides (Løvholt et al. 2019).

Slumps constitute a subset of landslides that are
typically characterized by a rotational impulsive
slope failure, a relatively coherent mass displace-
ment, and a short landslide run-out distance. At
least two of the above-mentioned events, the 1998
PNG and the 1929 Grand Banks events, were caused

by rotational slumps. The study of the PNGevent also
led to acknowledgement in the scientific community
that submarine slumps can cause large tsunamis (Bar-
det et al. 2003; Tappin et al. 2008). This tsunami has
been successfully modelled using an approach where
the landslide motion is a rigid block that follows a
prescribed motion (Synolakis et al. 2002; Tappin
et al. 2008), by tuning the block motion to comply
with wave observations. A similar approach was
adopted for modelling the slump part of the 1929
Grand Banks event (Løvholt et al. 2019). The rigid
block approach was successful in these studies,
because the block could mimic the rotational motion
of the slump causing the tsunami genesis in an ideal-
ized and simple way, but did not include the updated
geological source information from Schulten et al.
(2019b), which envisaged a slump that partly evacu-
ated the source area. Although this block modelling
approach can help to shed light on the slump motion
of past events, it has several obvious shortcomings.
Firstly, this method does not include landslide de-
formation effects that are evident from geophysical
data. Secondly, these models cannot be used to take
into account the landslide material properties such
as the yield strength, and its effect on the landslide
dynamics.

From: Georgiopoulou, A., Amy, L. A., Benetti, S., Chaytor, J. D., Clare, M. A., Gamboa, D., Haughton, P. D. W.,
Moernaut, J. and Mountjoy, J. J. (eds) 2020. Subaqueous Mass Movements and their Consequences: Advances in Process
Understanding, Monitoring and Hazard Assessments. Geological Society, London, Special Publications, 500,
https://doi.org/10.1144/SP500-2019-201
© 2020 The Author(s). This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/4.0/). Published by The Geological Society of London.
Publishing disclaimer: www.geolsoc.org.uk/pub_ethics
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Recent modelling efforts show that the landslide
rheology and deformation is important for quantify-
ing and understanding landslide tsunami genesis
(Løvholt et al. 2017; Yavari-Ramshe and Ataie-
Ashtiani 2019). Traditionally, such landslide tsu-
nami studies are based on translational landslide
models. However, translational landslides are
believed to give rise to a different generation mech-
anism than slumps, as they do not exhibit a rotational
motion as slumps do (Løvholt et al. 2015). Until
recently, slump models that include a more sophisti-
cated deformation and rheology had not been applied
to slump-induced tsunamis. Schambach et al. (2018)
provided back-to-back analysis with a viscous land-
slide model and a rigid block model simulating
slumps, with both models showing similar results.
Ren et al. (2019) used a viscoplastic landslide
model to generate the slump tsunami due to the
1998 PNG failure, with simulation results that com-
pare favourably with tsunami inundation observa-
tions. These studies (Schambach et al. 2018; Ren
et al. 2019) show that a slump tsunami can be effec-
tively modelled using a landslide dynamics model.
This method allows for a more flexible, general
modelling treatment of the slump tsunami genesis,
including material properties, deformation and com-
plex topography, which will be utilized herein.

In this paper, we will use the viscoplastic model
BingClaw (Løvholt et al. 2017; Kim et al. 2019),
coupled to the dispersive long-wave solver Glo-
Bouss (Løvholt et al. 2008), to study slump-induced
tsunamis. We will first study landslide dynamics and
tsunami genesis in an idealized geometry in one-
horizontal dimension (1HD). The main aims of this
idealized study are, for the first time, to:

(1) quantify relationships between landslide
material yield strength, the resulting slump
kinematics and dynamics, and slump tsunami-
genic potential; and

(2) identify the extent to which slump tsunami-
genic potential can be attributed to transla-
tional and rotational slump kinematics, such
as the angular momentum.

We will apply the same model setup in two horizon-
tal dimensions (2HD) to study a real case, namely the
1929 Grand Banks landslide and tsunami. The main
emphasis of the real case example is to ensure that
the landslide parameters and settings in the idealized
study can yield a realistic range of analysis. How-
ever, a detailed study of the event is left for future
investigations.

The 1929 Grand Banks landslide and
tsunami

On 8 November 1929 a Mw 7.2 earthquake caused a
massive landslide on the Grand Banks south of

Newfoundland (Heezen and Ewing 1952; Piper
et al. 1999) (see Fig. 1). This submarine mass failure
comprises by far the largest landslide volume (c.
500 km3) in historical time, worldwide. Deposits
far from the landslide failure area and cable breaks
(Heezen et al. 1954) suggest that the landslide
evolved into a turbidity current. The landslide caused
a tsunami several metres high at the Burin Peninsula
on the south coast of Newfoundland, and waves were
also recorded along the entire US East Coast, Ber-
muda and the Azores (Fine et al. 2005). Initial field
evidence of the landslide deposits suggested that
only turbidity current masses were available in the
far field (Schulten et al. 2019a). Piper et al. (1999)
noted that the Grand Banks landslide was a widely
distributed surficial sediment failure, and Mosher
and Piper (2007) noted from newly acquired multi-
beam bathymetric data that there was no evidence
of a massive slump failure on the St Pierre Slope.
As the turbidity current itself is likely not the cause
of the tsunami, it has been difficult to link the tsu-
nami genesis directly to landslide field evidence.
Based on new field investigations of the slope fail-
ure, however, Schulten et al. (2019a) and Løvholt
et al. (2019) suggested that the near-field tsunami
was caused by a massive slump. Løvholt et al.
(2019) further hypothesized that the more wide-
spread near-surface landslide failure as mapped by
Piper et al. (1999) and Schulten et al. (2019a) caused
the far-field tsunamis, and that the landslide possibly
disintegrated into the turbidity current. Løvholt et al.
(2019) used a simplified block source and a slump
volume of 17 km3 to model the slump. However,
the analysis of newly identified faults and horizons
in the St Pierre Slope by Schulten et al. (2019b)
suggest a much larger slump volume of c. 390 km3

for the primary southward slump motion. This new
interpretation for the 1929 Grand Banks slump is
crucial for testing whether or not our viscoplastic
flow model is suited to simulate slumps. Moreover,
Schulten et al. (2019b) suggest that the slump was
not confined only between the structural faults con-
taining the slump mass, but also that parts of the
landslide transgressed the downslope end of the
slump source area through the channel systems,
which is different from the assumption of Schulten
et al. (2019a) and Løvholt et al. (2019).

Methods

Landslide model

In this paper, the viscoplastic landslide model
BingClaw (Løvholt et al. 2017; Kim et al. 2019;
Vanneste et al. 2019) is used to simulate the slump
dynamics. The model implements the Herschel–
Bulkley rheology in a two-layer depth-averaged for-
mulation. Under simple shear conditions, the shear
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strain in the Herschel–Bulkley fluid is described as:

γ̇

γ̇r

∣∣∣∣
∣∣∣∣
n

=
0, if |τ| ≤ τy

τ

τy sgn(γ̇)
− 1, if |τ| . τy

⎧⎨
⎩ (1)

where γ̇ is strain rate, γ̇r a reference strain rate
defined as

γ̇r = (τy/μ)
1/n (2)

with dynamic consistency μ. τ and τy are shear stress
and yield strength, respectively, and n the flow expo-
nent. For a detailed description and derivation of the
model, see Kim et al. (2019).

BingClaw solves the mass conservation equa-
tion integrated over the landslide depth (equation
3), the momentum conservation equation integrated
separately over the plug layer depth (equation 4),
and shear layer depth (equation 5), in 2HD. The
unknown variables are bed-normal plug layer thick-
ness dp, bed-normal shear layer thickness ds, plug
layer volume flux per unit length dp�vp with slope-
parallel plug layer velocity�vp, and shear layer vol-
ume flux per unit length ds�vs with slope-parallel
shear layer velocity�vs. d = dp + ds is the total thick-
ness of the layers. Indices ‘p’ and ‘s’ indicate plug

and shear layer, respectively (see Fig. 2).

∂

∂t
(dp + ds)+∇ · (dp�vp + ds�vs) = 0 (3)

1+ Cm
ρw
ρd

( )
∂(dp�vp)

∂t
+∇ · (dp�vp�vp)

( )

+�vp
∂ds
∂t

+∇ · (ds�vs)
( )

= −g′dp∇(dp + ds + b)− τy + τd
ρd

�vp
||�vp|| (4)

1+ Cm
ρw
ρd

( )
∂(ds�vs)
∂t

+∇ · (αds�vs�vs)
( )

−�vp
∂ds
∂t

+ ∇ · (ds�vs)
( )

= −g′ds∇(dp + ds + b)− τyfs
ρd

�vp
||�vp|| (5)

where Cm is the added-mass coefficient, ρw the den-
sity of ambient water, ρd the density of the slump
material, α the velocity form factor, and t the time
coordinate. The reduced gravitational acceleration

Fig. 1. Bathymetric map of the computational domain for the 2HD tsunami simulations. The bathymetry inside the
large red rectangle is used for the simulation of the 2HD landslide dynamics and the small red rectangle is the slump
source area. The red line just south of the Burin Peninsula represents the transect used to extract simulation results
shown in Figure 15. The red cross shows the epicentre of the Mw 7.2 earthquake on 8 November 1929.

Effects of slump dynamics on tsunamis
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is given by g′ = g(1− ρw/ρd) where g is the gravi-
tational acceleration, b is the bathymetric depth, τd
is the viscous drag at the free surface, split into a
skin friction term τf given by

τf = 1
2
CFρw�vp||�vp|| (6)

and a pressure drag term τp given by

τp = 1
2
CPρwmax(0, −�vp · ∇d)�vp (7)

where CF and CP are skin friction and pressure drag
coefficients, respectively, and the viscous contribu-
tion of the net shear stress at the bed is given by
τyfs where

fs = β · ||�vp||
γ̇rds

( )n

.

β is a shape factor depending on the rheological flow
exponent n (Huang and Garcia 1998; Imran et al.
2001; Kim et al. 2019).

BingClaw combines a finite volume method for
the leading-order terms with a finite difference
model for the source terms. The model is imple-
mented employing the conservation law package
ClawPack (Mandli et al. 2016) using the GeoClaw
module (Berger et al. 2011). If the earth pressure
p = ρdg′d∇(d + b) does not exceed the material’s
shear strength in a given computational cell, no
motion is imposed in that cell. Otherwise a Godunov
fractional step method is used for the dynamic equa-
tions. First the equations without friction terms are
solved using the finite volume method in ClawPack,
then the frictional terms are accounted for the next
fractional step.

Tsunami model

We use the dispersive long wave model GloBouss
(Løvholt et al. 2008, 2010; Pedersen and Løvholt
2008) to propagate the tsunami over varying bathy-
metry. In this study, we only use the model in linear-
ized mode as we mainly study the tsunami in deep
water, where non-linearities are unimportant.

When terms and factors that are not used herein
are omitted (non-linear terms, Coriolis terms, spher-
ical coordinate map-factors and dispersion enhance-
ment terms), the hydrodynamic equations used in
this paper read

∂η

∂t
+∇ · (h�u) = q (8)

∂�u

∂t
= −∇η+ 1

2
h∇∇ · (h ∂�u

∂t
)− 1

6
h2∇2 ∂�u

∂t
(9)

where q is a source flux term, which relates the land-
slide model to the tsunami model through the land-
slide volumetric displacement (explained below);
h is the water depth relative to the mean sea-surface
elevation, η the sea-surface elevation and �u the wave
speed.

In GloBouss the equations are discretized on a
staggered C-grid (Mesinger and Arakawa 1976) in
space and time to give an implicit finite difference
method. An alternating direction implicit method
(ADI) is used for solving the implicit algebraic equa-
tion systems for each time step. The model does
not incorporate features like drying or wetting, so
we cannot use this model to simulate dry-land
inundation.

The slump causes a temporal volumetric change
of the bathymetry, which is the primary source for
the tsunami genesis. These source fields are then
run through a low pass filter that conveys seabed dis-
placements to sea-surface displacements based on

(a) (b)

Fig. 2. Simplified schematic plot of the velocity profile (a) before and (b) during the slump motion simulated with
the depth-averaged BingClaw model (modified after Kim et al. (2019) for our slump model). The velocity profile is
uniform in the plug layer but follows a power law with exponent n + 1 in the bottom shear layer. Velocities vp and vs,
and thicknesses dp and ds vary spatially and temporally.
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full potential wave theory (Kajiura 1963; Løvholt
et al. 2015) that transfers ∂d/∂t into q(x, y, t).

Model setup

The geometrical setup is based on the most recent
1929 Grand Banks landslide information provided
by Schulten et al. (2019b). Our first objective is to
link a rotational slump motion to tsunami genesis
in a systematic fashion, where the slump is confined
between an upslope and a downslope fault. To force
the slump to stay between these structures, we
choose to excavate the slump mass from the seabed,
replace it with our viscoplastic material for the initial
setup, and elevate the face of the downslope fault
(see Fig. 3a, b). While we acknowledge that this geo-
metrical description would likely differ from more
complex field observations, this was a necessary
simplification to force the viscoplastic material not
to evacuate the structure. To this end, we first simu-
late the slump tsunami in 1HD. The aim is to study
idealized effects of kinematics and landslide

parameters on tsunami genesis. Secondly, we study
a 2HD scenario for the 1929 Grand Banks event,
for which the purpose is to provide a realistic param-
eter range for the 1HD study.

1HD study. The 1HD geometries applied here are
simplified from slope transects taken from the gene-
ral Laurentian Fan bathymetry. As shown in
Figure 3a and b, different bathymetries are investi-
gated to study the sensitivity to the slope configura-
tion of the slump source. The bathymetry outside the
slump towards the shore is gentler with a constant
inclination of 0.05° in all cases.

The computational domain for the landslide
model has a total length of 50 km in the x-direction
with a spatial resolution of Δx = 80 m. However,
due to the computational stencil of BingClaw, sev-
eral cells in the azimuthal y-direction are required.
Non-reflecting outflow conditions are applied at the
boundaries. The Kajiura-type full potential filter is
run over the same length as the landslide model.
Grid resolution for the Kajiura filtered output is

(a)

(c) (d)

(b)

Fig. 3. Initial 1HD bathymetry with slump masses for (a) set S1 and (b) set S2. Bathymetry with orange lines
indicates the same geometrical setup. Transects through longitude −55.77° over the initial 2HD bathymetry for
(c) the pure slump that includes side walls and a bottom wall, and (d) the over-topping slump. The orange line
indicates the initial slump surface and the blue line the seabed for the simulations. The green line represents the
seabed surface prior to excavation.
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also 80 m. For GloBouss we cover a computational
domain extending 450 km horizontally, and with a
resolution of 220 m. We apply a sponge layer at the
right boundary, from 250 to 450 km, that relaxes
the offshore-going waves (Pedersen and Løvholt
2008). No-flux conditions are applied at the other
boundaries. In GloBouss a 1HD computation in-
volves a single wet row of cells between two dry
rows of ghost cells. Spatial and temporal grid refine-
ment tests on the landslide model BingClaw, the full
potential Kajiura-type filter, and the tsunami model
GloBouss are described in Appendix A.

Default model input parameters (i.e. density and
hydrodynamic resistance) are listed in Table 1, and
geometrical and geotechnical model input parame-
ters used for the sensitivity analysis are listed in
Table 2. In order to establish the list of landslide in-
put parameters, we ran several simulations to achieve
a full parameter range that spans the relevant sensi-
tivity range for tsunami genesis. By combining all
relevant geotechnical and hydrodynamic resistance
parameters for each geometrical setting, we ended
up running 2640 simulations for the sensitivity
analysis. We refer to 1440 model runs with constant
slump volumes per unit width and variable initial
slump surface slope angle as set S1, and 1440 model
runs with a constant initial slump surface slope angle
and variable volumes per unit width as set S2; 240
simulations overlap in set S1 and set S2.

A simplified basic geometry is defined by an
initial slope angle θ = 2.5°, as retrieved from the

Laurentian fan, and a volume per unit width A =
5.2 km2, which multiplied with a slump width of
W = 33 km yields a total volume V = 175 km3 as
suggested by Schulten et al. (2019b) for the upper
part of the 1929 Grand Banks slump. Then, in simu-
lation set S1, θ is varied between 1 and 3.5°, while
keeping A constant. Likewise, in set S2, A is varied
between 1.7 km2 and 7.5 km2, while keeping θ cons-
tant. In each case the parabolic shape of the rigid
seabed is adjusted accordingly.

For a very soft slump material (e.g. low values of
τy in Table 2), the mass can be so mobile that it arti-
ficially reflects from the lower fault face and propa-
gates back upslope and may even continue to slosh
back and forth. This spurious sloshing occurs partly
due to simplifications in the applied slump model,
partly due to the geometrical setup and partly due to
too small values employed for the landslide strength.
Time-series of two examples of the centre-of-mass
motions, which is used to filter events, are shown
in Figure 4. The centre-of-mass velocities have a
smoother time evolution than the maximum veloci-
ties. If an event gets a negative centre-of-mass veloc-
ity, it is removed from the analysis to avoid the
artificial sloshing. This criterion was based on ana-
lyses of the wave generation for the sloshing events,
where it transpired that events with negative centre-
of-mass velocities influenced the wave generation
significantly. An example of the artificial scaling
behaviour that can be expected is discussed in one
of our analyses below. The number of non-sloshing
events as well as events where the yield strength
is too large for the mass to mobilize the landslide
(i.e. stable sediments), are shown for both set S1
and set S2 in Figure 5.

2HD study. The slump configuration with the new
information provided by Schulten et al. (2019b) is
used to simulate the slump dynamics. We distinguish
between two different scenarios, an over-topping
(where a part of the material escapes in the lower
extremity) and a pure slump. For the pure slump
the mass is confined to a source area limited by
walls at the downslope extremity and at the two

Table 1. Default parameters used for the 1HD and
2HD simulations

Parameter Symbol Value Units

Seawater density ρw 1000 kg m−3

Landslide density ρd 2000 kg m−3

Gravitational acceleration g 9.81 m s−2

Added-mass coefficient Cm 0.1
Skin friction coefficient CF 0.001
Pressure drag coefficient CP 0.25

Table 2. Geometrical and geotechnical parameters used for the 1HD simulations

Parameter Symbol Values Units

Slump volume per unit width A 1.7 2.9 4.0 5.2 6.3 7.5 km2

Slump surface slope angle θ 1 1.5 2 2.5 3 3.5 °
Yield strength τy 10 25 40 55 70 85 100 115 kPa
Herschel–Bulkley flow exponent n 0.1 0.25 0.5 0.75 1.0
Dynamic landslide consistency μ 1 4 7 10 13 16 kPa sn

The bold values are also used for the 2HD simulations.
Set S1 with a constant volume per unit width A = 5.2 km2 and set S2 with a constant slump surface slope angle θ = 2.5° each combine to
1440 scenarios.
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sides. It generates a rotational slumpmotion in a sim-
ilar way as in the 1HD study (see Fig. 3c). We note
that an over-topping scenario is considered as most
likely by Schulten et al. (2019b) (see Fig. 3d). In
the case of over-topping, the model geometry is set
up to allow the slide material to continue as a trans-
lational landslide outside the region of mass failure.
The further disintegration into the turbidity current
observed in the field is, however, not included in
the model. We note that the main orientation of
this slump geometry is southward, which was also
assumed by Løvholt et al. (2019). Yet, the revised

slump volume used in the 2HD analysis here
(390 km3) is considerably larger than what was
assumed by Løvholt et al. (2019).

Model bathymetries are based on the online geo-
graphical GEBCO 2014 Grid with 463 m cell size
in longitude and latitude. The depth matrix for the
landslide and source computations covers a rectangle
with lengths of 114 and 255 km in the longitudinal
and latitudinal directions, respectively. For the land-
slide model, a grid resolution of 185 m is used, while
a resolution of 463 m suffices for the surface
response. As in the 1HD slump model, there is

(a) (b)

Fig. 4. Time-series of centre-of-mass velocity vx,centre and peak bed-parallel velocity over the entire slump body
v||,peak. Maximum velocities are used for further analyses. Employed parameters are μ = 10 kPa sn, n = 0.25,
the slump surface slope angle is θ = 2.5°, the slump volume per unit width is A = 5.2 km2, and (a) τy = 70 kPa,
(b) τy = 40 kPa.

(a) (b)

Fig. 5. Number of non-sloshing events and events with velocities greater than zero as a function of yield strength τy,
(a) initial slump surface slope angle θ and (b) slump volume per unit width A. All combinations of flow exponent n
and dynamic viscosity μ combine to a total of 30 events. Low τy, large A, and large θ indicate sloshing events. Large
τy, low A, and low θ indicate stable sediments and are coloured in green.
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non-reflecting outflow at the four boundaries. The
grid for the tsunami computations is larger and cov-
ers a rectangle of 616 km (longitude) by 555 km
(latitude). It has a resolution of 463 m and includes
the source area, the southern coast of Newfoundland
and the eastern coast of Nova Scotia (see Fig. 1). At
all four boundaries we apply a sponge layer of 22 km
width where the waves are relaxed and apply a min-
imum computation depth of 10 m in order to avoid
spurious oscillations in shallow waters. Spatial and
temporal grid refinement tests on the landslide
model BingClaw, the full potential Kajiura-type fil-
ter and the tsunami model GloBouss are discussed
in Appendix A. Default model parameters are pre-
sented in Table 1, geotechnical and geometrical
parameters are given in bold in Table 2.

Results

1HD parametric sensitivity study

Example of tsunami-genesis mechanism. We first
analyse, through one single simulation, the slump
tsunami-genesis mechanism. We use the following
BingClaw parameters, namely τy = 70 kPa, μ = 10
kPa sn, and n = 0.25. The slump surface slope angle
is θ = 2.5°, the slump volume per unit width is A =
5.2 km2 and the water depth of the initial centre of
mass is c. 1750 m. At c. 236 km from shore, a maxi-
mum vertical landslide displacement of c. 100 m is
obtained, which is similar to what was suggested by
Schulten et al. (2019b). Figure 6a shows the slump
motion at different times. The corresponding gener-
ated waves at different times are displayed in
Figure 6b. While the slump mass rotates around its

mass centre, the downslope part of the rotational
slump pushes water upwards creating a positive
wave at the surface, whereas the upslope part of the
slump pulls down water and causes a trough at the
surface.

Next, we ran two separate simulations for the
same example, one using only the positive flux part
of the slump source term, and another only using
the negative flux part. Figure 7 shows the generated
total wave (in solid lines), as well as the wave com-
ponent only due to the slump uplift (in long dashed
lines), and the wave component due to the slump
depression (in short dashed lines). Both the gener-
ated wave elevations and wave troughs continuously
split into landward and offshore travelling waves
as long as the slump motion continues and add to
the already propagated waves. Because the slump’s
upward and downward motions are spatially shifted,
the landward wave-elevation travels slightly behind
the landward wave-trough. Only a partial overlap
of this wave-trough and wave-elevation occurs,
which results in a landward trough followed by an
elevation. The positive and negative amplitudes of
this total wave, when travelled out of the source
area, are roughly half of the maximum/minimum
elevations from pure positive and negative source
components.

This mechanism was discussed by Løvholt et al.
(2005, 2015) and Haugen et al. (2005), but mainly
for translational landslides. Based on analyses of
the 1998 PNG event, Løvholt et al. (2015) suggested
that the interaction between rear and frontal waves
was limited for slumps, and that their wave genera-
tion was more efficient than for translational land-
slides. However, the present analysis shows that

(a) (b)

Fig. 6. (a) Simulated submarine slump shown for different times. The employed BingClaw parameters are τy =
70 kPa, μ = 10 kPa sn, n = 0.25, the slump surface slope angle is θ = 2.5°, and the slump volume per unit width is
A = 5.2 km2. We show the slump from its initial state until it stops moving, 1200 s after failure. The dots indicate the
centre of mass of the slump as a function of time. (b) Tsunami genesis and propagation until 900 s, which is the time
we evaluate the maximum and absolute minimum landward sea-surface elevation. The offshore-going wave has been
relaxed by the sponge layer at the right boundary starting at 250 km from the shore.
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the interaction between the frontal and rear wave
clearly reduces the maximum elevation of the total
wave for the 1929 Grand Banks slump. We stress
that for other slump configurations and material
parameters the picture could be different.

Relationship between geotechnical parameters and
tsunami genesis. Figure 8 shows the sensitivity of
the maximum landward sea-surface elevation ηmax

to various input parameters. ηmax is evaluated 900 s
after the slump mass release such that the wave

(a) (b)

(c) (d)

Fig. 8. Maximum landward sea-surface elevations ηmax as a function of yield strength τy for a selection from (a) set
S1, (b) set S2 and (c, d) common scenarios from both sets. Orange lines in all subplots refer to the same scenarios.
Fixed parameters (except where parameters are subject to variation) are μ = 10 kPa sn, n = 0.25, θ = 2.5° and
A = 5.2 km2.

(a) (b)

Fig. 7. Tsunami split into the total wave (in solid lines), due to slump uplifts (in long dashed lines) and slump
depressions (in short dashed lines). Elapsed times are (a) 300 s and (b) 900 s. The latter time is when we evaluate the
maximum and absolute minimum landward sea-surface elevation. The offshore-going wave has been relaxed by the
sponge layer at the right boundary starting at 250 km from the shore.
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with the highest crest has propagated out of the source
area. The various input parameters include the
slump material’s yield strength τy, the volume per
unit width A, the initial slump surface slope angle θ,
the dynamic consistency μ, and the flow exponent
n. In all cases, ηmax is plotted as a function of τy,
and increases consistently with decreasing τy. As
expected, ηmax also increases with θ and A. Further-
more, we see that ηmax is only moderately dependent
on μ. The flow exponent n has a negligible influence
on tsunami genesis, except when very small.

Relationship between landslide translational kine-
matics and tsunami genesis. Figure 9 shows relation-
ships between maximum bed-parallel and vertical
slump kinematics, and maximum and absolute min-
imum landward sea-surface elevations ηmax and ηmin

for set S1. We recall that for S1, the initial slump sur-
face slope angle θ is variable and the volume per unit
width is constant at A = 5.2 km2. The maximum
kinematic quantities are calculated over the full com-
putational domain for all times, whereas ηmax and

ηmin are evaluated at a time of 900 s. Figure 9a
shows scaled ηmax and ηmin as a function of the
scaled maximum bed-parallel velocity v||max

and a
least-square power-law fit is included in some pan-
els. ηmax increases with v||max

following fairly well a
power-law behaviour with exponent of 0.9. There
is more scattering for lower v||max

values. Noticing
that the quantity v||max/

������(gH)√
is closely related to

the Froude number (see below), we point out that
the growth rate of that quantity is less than the linear
Froude scaling proposed by Løvholt et al. (2015) for
slumps with small Froude numbers. The linear scal-
ing relation should exist when there is no interaction
between the frontal-wave elevation and rear-wave
trough. However, in this case, there is clearly a
destructive interference (see Fig. 7), which leads to
a less effective wave generation. Figure 9c shows
the relationship between the scaled maximum verti-
cal velocity vzmax , scaled ηmax and ηmin. Unlike in
Figure 9a, we do not observe a simple power-law
relationship. There is also clearly more scatter in
the vertical velocity plot. Further, processing of the

(a)

(c) (d)

(b)

Fig. 9. Scaled maximum and absolute minimum landward sea-surface elevation ηmax and ηmin against (a) scaled
maximum bed-parallel slump velocity v||max

, (b) scaled maximum bed-parallel slump acceleration a||max
, (c) scaled

maximum vertical slump velocity vzmax and (d) scaled maximum vertical slump acceleration azmax for set S1. The scale
for the sea-surface elevation is the typical water depth H = 2000 m, the velocity scale is the linear wave speed

����
gH

√
,

and the acceleration scale is the square linear wave speed
����
gH

√
divided by the typical slump thickness d = 250 m.

The power-law fits apply to ηmax with x representing the x-axes.
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kinematic output also verifies that maximum veloci-
ties, v||max

and vzmax , and maximum accelerations,
a||max

and azmax , depend strictly on each other (results
not shown). Consequently, ηmax shows a similar
power-law dependency on a||max

as on v||max
, with an

exponent of 1.01, but with a lack of a simple power-
law dependency on azmax (see Fig. 9b, d). The almost
linear relationship with the acceleration agrees with
previous investigations that heavily relied on land-
slide block motion (Hammack 1973; Watts 2000;
Løvholt et al. 2005, 2015). These studies concluded
that the horizontal acceleration strongly influences
tsunami genesis and, in particular, Løvholt et al.
(2005, 2015) suggest the same linear relationship
between ηmax and a||max

as we find here.
We recall that set S2 has a constant initial

slump surface slope angle θ = 2.5°, but has different
values for the volume per unit width A. The
velocity is multiplied by the slump’s total mass per
width to quantify the momentum and to analyse
how the momentum correlates with ηmax and ηmin.
Figure 10a shows that ηmax and ηmin as functions of

m v||max
follow a power-law fit, however, with a gen-

tler growth rate and more scattering for small m v||max

than for high m v||max
. The exponent for ηmax is 0.9.

Figure 10c shows that ηmax and ηmin have a similar
relationship with the vertical maximum momentum
m vzmax , but that the relationship does not follow a
simple power-law behaviour and with more scatter
for the smallest values of the maximum vertical
momentum. Figure 10b and d shows that the rela-
tionships between the rate of m v||max

, the rate of
m vzmax , ηmax and ηmin follow similar relationships
as the ones derived for m v||max

and m vzmax , respec-
tively. The fitted exponent between ηmax and the
rate of m v||max

is 1.01. For the mass times accelera-
tion terms, we find a similar conclusion as for set
S1 with a constant volume per unit width. We even
remark that the power-law exponents for the mass
dependent terms m v||max

and its rate for set S2 are
almost identical to the fitted power-law exponents
for v||max

and a||max
for set S1. However, the plots

showing ηmax and ηmin against vertical momentum
and momentum rates show less variability than the

(a)

(c) (d)

(b)

Fig. 10. Scaled maximum and absolute minimum landward sea-surface elevation ηmax and ηmin against (a) scaled
maximum bed-parallel slump momentum m v||max

, (b) scaled maximum bed-parallel slump momentum rate m a||max
,

(c) scaled maximum vertical slump momentum m vzmax and (d) scaled maximum vertical slump momentum rate
m azmax for set S2. The scale for the sea-surface elevation is the typical water depth H = 2000 m, the momentum scale
is the largest mass M (from the A = 7.5 km2 scenarios) multiplied by the linear wave speed

����
gH

√
, and the scale for

the momentum rate is the largest mass M multiplied by the square linear wave speed
����
gH

√
divided by the typical

slump thickness d = 250 m. The power-law fits apply to ηmax with x representing the x-axes.
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corresponding plots for ηmax against vertical veloci-
ties and accelerations for set S1.

A Froude number, Fr, is defined as the maxi-
mum horizontal central mass velocity divided by
the linear wave speed

����
gH

√
at a typical water depth

H = 2000 m. A nearly unitary Frmeans the slump’s
horizontal central mass speed and the tsunami speed
are the same, which represents the most efficient tsu-
nami-genesis mechanism (Løvholt et al. 2015). In
our study, Fr is invariably much smaller than
unity. Figure 11 shows scaled ηmax and ηmin as a
function of Fr for set S1, which represents the left
side of the height–velocity curve peak in Ward
(2001, fig. 3). We see that the growth rate of ηmax

as a function of Fr is slower than when we use the
maximum landslide velocity (i.e. in Fig. 9a). On
the other hand, we visually observe a slight misfit
for the largest values of Fr, which may suggest
that the exponent is not linear, possibly increasing
with larger Fr. We note that Figure 11b also shows
the results for the unfiltered simulations (i.e. includ-
ing spurious sloshing events). Investigating Figure
11a and b, we see that the filter removes scenarios
above Fr ≈ 0.13. For larger Froude numbers, the
scaling of the unfiltered maximum landward sea-
surface elevation ηmax separates from the scaling of
the absolute minimum sea-surface elevation ηmin,
and the separation occurs above Fr ≈ 0.15, say.
The more rapid increase in the ηmax with Fr is inter-
preted as a spurious result of the model (and hence
filtered). On the other hand, we see that the scaling
relationship for ηmin is virtually unchanged for high
Froude numbers (filtered events). The leading land-
ward troughs are unaffected by the sloshing, which
hints that a linear Froude scaling should also be

expected for somewhat larger Froude numbers than
those analysed elsewhere in this paper.

Relationship between landslide rotational kine-
matics and tsunami genesis. Slumps are mainly rota-
tional and display different kinematics compared
to translational landslides with long run-out. Here,
we analyse to which extent the slump’s scaled maxi-
mum angular momentum Lmax is attributed to the
slump’s tsunamigenic potential. The technical deri-
vation of this quantity is given in Appendix A.
Figure 12a shows a power-law relationship between
Lmax, ηmax and ηmin for set S1. The exponent for ηmax

is 0.76. Figure 12b shows that the dependency
between Lmax, ηmax and ηmin for set S2 has signifi-
cantly more scatter, and a less clear correlation. The
fitted exponent is 0.66 for ηmax. In both cases, the
data exhibit little scatter for large Lmax.

2HD study related to the 1929 Grand
Banks event

Slump scenarios with over-topping. Figure 13 shows
the simulated motion of the slump with over-topping
for a volume of V = 390 km3 and a yield strength of
τy = 85 kPa. At 300 s, the slump is still confined in
the fault structure. Around t = 600 s the slump has
its maximum vertical uplift of c. 400 m at its down-
slope extremity while parts of the slump mass escape
the faulted pit and continue downslope as a trans-
lational landslide. This over-topping results in a
100 m high frontal landslide height. The output at
1380 s shows the landslide flowing into the Lauren-
tian Fan region.

(a) (b)

Fig. 11. Scaled maximum and absolute minimum landward sea-surface elevation ηmax and ηmin as a function of the
Froude number Fr for set S1, with (a) filtered events only and (b) unfiltered events with dots representing events with
no negative centre-of-mass velocities and crosses representing events with negative centre-of-mass velocities. The
scale for the sea-surface elevation is the typical water depth H = 2000 m, and Fr is the maximum horizontal velocity
of the centre of mass scaled with the linear wave speed

����
gH

√
. The power-law fits apply to ηmin with x representing

the x-axes.
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(a) (b)

Fig. 12. Scaled maximum and absolute minimum landward sea-surface elevation ηmax and ηmin against scaled
maximum angular momentum L for (a) set S1 and (b) set S2. The scale for the sea-surface elevation is the typical
water depth H = 2000 m, and the scale for the angular momentum is the slump’s density ρd multiplied by the square
root of the linear wave speed

����
gH

√
multiplied by the fourth power of the typical slump thickness d = 250 m. The

power-law fits apply to ηmax with x representing the x-axes.

Fig. 13. Snapshots of the landslide thickness for the 1929 Grand Banks over-topping slump scenario at different
times. The slump mass over-tops its bounding faults and transforms into a translational landslide as Schulten et al.
(2019b) propose. The employed BingClaw parameters are τy = 85 kPa, µ = 10 kPa sn and n = 0.25.
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Fig. 14. Snapshots of the spreading waves for the 1929 Grand Banks over-topping slump source shown in Figure 13.
Land is represented in green.

(a) (b)

Fig. 15. Maximum sea-surface elevation until 8 h 20 min in a transect (see Fig. 1) near the Burin Peninsula for three
different sediment yield strengths τy, and for both (a) the 1929 Grand Banks over-topping slump and (b) the 1929
Grand Banks pure slump. Other employed BingClaw parameters for both slump events are µ = 10 kPa sn and
n = 0.25. The water depth along this transect is between 20 and 50 m.

T. Zengaffinen et al.

 by guest on May 12, 2020http://sp.lyellcollection.org/Downloaded from 

32



Fig. 16. Maximum sea-surface elevation until 8 h 20 min for the total wave field for (a) the 1929 Grand Banks
over-topping slump and (b) the 1929 Grand Banks pure slump. The employed BingClaw parameters are τy = 85 kPa,
µ = 10 kPa sn and n = 0.25. Land is represented in green.

Fig. 17. Snapshots of the slump thickness for the 1929 Grand Banks pure slump scenario at different times. The slump
mass stays inside the source area with employed BingClaw parameters τy = 85 kPa, µ = 10 kPa sn and n = 0.25.
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In the early phase, the generated wave (see
Fig. 14) has a positive sea-surface elevation at the
southern end of the slump area and a negative eleva-
tion at the northern end of the slump area. It is
aligned north–south along the failure surface slope
orientation. One hour after the slump mass release,
the wave has started to turn gradually northwards
and reaches the latitude 46° N after two hours. The
main wave direction is towards the Burin Peninsula,
whereas there is also a focus towards the Avalon
Peninsula further east. Results extracted over the
transect just south of Burin further show that maxi-
mum offshore sea-surface elevations range from 4
to 9 m for different landslide yield strengths (see
Fig. 15a), which are in the same range or, for the low-
est yield strengths, somewhat higher than those
found by Løvholt et al. (2019). Figure 16a shows
the maximum sea-surface elevations over the full
simulation time, which coincides with the large
waves observed near the Burin Peninsula (see, for
example, Fine et al. 2005). Field observations of
run-up elsewhere were mostly below 2 m; however,
our simulations show waves just as large near Nova

Scotia and the Avalon Peninsula as found near
Burin.

More tuning would be necessary to provide a
closer agreement with the data. For instance, Schul-
ten et al. (2019b) found a vertical uplift of the slump
mass of 100 m at its downslope extremity, although
our example with τy = 85 kPa produces a much
larger vertical uplift of c. 400 m. Our simulations
merely provide a first attempt. However, the simula-
tions clearly show that the viscoplastic model is
capable of producing sufficiently strong slump-
induced waves to produce a tsunami at least of the
size of the 1929 Grand Banks event. We re-empha-
size that our objective here was primarily to investi-
gate whether the material parameter ranges for the
1HD case were representative of a real example,
and this analysis shows that they are.

Slump scenarios without over-topping. We turn our
attention to the pure slump, which is confined by
the outreaching fault at the lower extremity, and to
its tsunami using the same volume and material
parameters as for the over-topping slump. Figure 17

Fig. 18. Snapshots of the spreading waves for the 1929 Grand Banks pure slump source shown in Figure 17. Land is
represented in green.
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shows the slump thickness 0, 300, 600 and 840 s
after the mass release. At the last time the slump
motion has stopped. The maximum vertical uplift
is c. 800 m, which is twice as much as for the over-
topping slump due to confinement. The spreading
waves (see Fig. 18) and the total wave field (see
Fig. 16b) have a similar radiation pattern as the over-
topping slump tsunami; however, the positive gener-
ated waves are significantly larger along the
ridges between the Laurentian Channel, the Halibut
Channel and the Haddock Channel than the waves
for the over-topping slump source (see Fig. 16).
Figure 15b shows a transect just south of Burin
with maximum offshore sea-surface elevations rang-
ing from 1 to 5 m, which are, however, in the same
range as the sea-surface elevations for the over-
topping case. Near longitude 55.7°, we see that the
over-topping scenario produces slightly larger
waves than the pure slump. Still, on an overall
basis, we suggest that the pure slump event seems
to be a slightly more efficient tsunami generator
than the over-topping event. This was confirmed
by our own preliminary work on simulating Grand
Banks (results not shown) with other slump configu-
rations, where the difference was even clearer.

Concluding remarks

In this paper, we have conducted a study of slump-
induced tsunamis using a depth-averaged viscoplas-
tic landslide model as the tsunami source, and a lin-
ear dispersive long-wave model for the tsunami
propagation. Our main emphasis has been to study
the sensitivity to slump material properties in 1HD
on idealized geometries and the resulting slump
kinematics on tsunami genesis. Contrary to most pre-
vious studies, our use of a viscoplastic landslide
model allows us to link the tsunami directly to
slumpmaterial properties, and avoid ad-hoc assump-
tions commonly made using a block model approach
where the slump motion is prescribed. This refined
model allows a more generalized treatment of
slump sources, and hence is not limited to models
that retrofit block source properties to simulate
past events.

This study has shown that the material parameter
that influences tsunami genesis the most is the initial
yield strength of the sediment. Similar conclusions
were reached for translational landslides in studies
of the tsunami genesis of the Storegga landslide,
for example (Kim et al. 2019). Moreover, our
range of the dynamic landslide consistency (related
to the viscosity) shows a more moderate influence
on tsunami genesis. Naturally, geometrical factors,
such as the slope angle and volume of the slump,
were found to have a strong influence on the tsunami
genesis too. Several kinematic properties were found

to correlate well with the maximum landward sea-
surface elevation. For the case of constant slide
volume, the maximum landward sea-surface eleva-
tion increases monotonically with both scaled
bed-parallel maximum velocity and acceleration
mimicking a power-law relationship. The maximum
landward sea-surface elevation also increases mono-
tonically with vertical acceleration and velocity, but
a less systematic relationship was found in this
case. For the more general cases where variable vol-
umes were investigated, the maximum bed-parallel
momentum and momentum rates correlate well
with the maximum landward sea-surface elevation,
while the maximum landward sea-surface elevation
had a somewhat less systematic relationship with
corresponding vertical momentum and momentum
rates.

Some of the findings of this study have been iden-
tified already in past studies (Tinti et al. 2001; Ward
2001; Løvholt et al. 2005), but only for translational
landslides with a simplified block source representa-
tion. Here, we show that similar relationships
between landslide velocities, accelerations and
momentum apply for slumps. In particular, we find
the scaling between the maximum height of the gen-
erated wave and the maximum bed-parallel landslide
speed divided by the wave celerity, ηmax∝Fr0.9. We
note that the exponent of 0.9 is less than the linear
relationship (i.e. exponent 1) expected for small
Froude numbers for frontal wave elevations and
rear wave troughs without any interference (Løvholt
et al. 2015). In our study, we clearly have destructive
interference between the waves caused at the front
and rear part of the slump which reduced the tsuna-
migenic potential. However, we find, similar to
Løvholt et al. (2005, 2015), an almost linear scaling
with the horizontal landslide acceleration, which is
hence clearly a good proxy for tsunamigenic poten-
tial. An additional finding from our study is that
the angular momentum shows a particularly good
correlation with the maximum landward sea-surface
elevation. This suggests that the tsunamigenic poten-
tial can be directly linked to rotational kinematic
properties of the slump. We are unaware of previous
studies that identify such a relationship.

A second part of the study is devoted to studying
the 1929 Grand Banks slump and tsunami in a real
topographical setting. This was primarily done to
investigate whether the parameter ranges used in
the viscoplastic slump model in 1HD were realistic.
A detailed analysis of the 1929 Grand Banks event
with an emphasis on obtaining a close match with
field observations of the tsunami was not attempted.
Nevertheless, our model was set up with new field
observations by Schulten et al. (2019b) to illustrate
how the geological interpretation provided a signifi-
cantly revised explanation for the slump event.
Schulten et al. (2019b) concluded that the 1929
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Grand Banks slump failed mainly southwards, and
that the main slump volume was much larger than
previously thought (390 km3). Our tsunami model-
ling suggests that a viscoplastic model indeed should
be capable of producing sufficiently large waves.
The 1929 Grand Bank event also served the purpose
of testing how a complex event with slump failure
and over-topping compares with a pure slump
event with respect to tsunami genesis. We found
that the pure slump produced larger overall waves
compared to the over-topping scenario. All in all,
the 1929 Grand Banks model including new field
observations for the slump event and an idealized
study in 1HD could revise our understanding of
tsunami genesis.
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Appendix A

Grid refinement tests

For the 1HD simulations, we conducted grid refinement
tests on the spatial grid for the slump model, tsunami
model, and the Kajiura-type filter (resolutions and parame-
ters in Table A1). For the slumpmodel, we tested soft slump
materials, low τy and low µ. The slump thickness depended
strongly on the grid resolution for ▵x . 80 m. After 240 s,
for instance, the slump thickness at the lower extremity is
8% thinner for ▵x = 160 m than for ▵x = 26 m, and for

resolutions ▵x ⩽ 80 m, the slump thickness varies maxi-
mum by 4%. The slump thickness at the upslope part coin-
cides for resolutions ▵x ⩽ 80 m, but gives twice the
corresponding slump thickness for ▵x = 160 m. Thus, a
spatial grid resolution of 80 m is chosen for further use.
The time step, ▵t, is adapted during the simulation
to keep the Courant–Friedrichs–Lewy (CFL) number
(Courant et al. 1967),

CFL = Uo Δt

Δx
, (A1)

constant. HereU0 is the maximumparticle speed in the slide
body. In all our 1HD model runs, we use a CFL = 0.45,
which yields stable behaviour (greatest landslide velocities
are c. 70 m s−1). When the source input is fed into the tsu-
nami model each 30 s, we have a deviation of less than 2%
from the smallest interval tested (5 s) at t = 480 s. Hence,
we stay with 30 s. Since the surface response is smoother
than the slide surface, application of the same spatial grid
resolution for the Kajiura-type filter as for the landslide
model, 80 m, is more than adequate. We tested spatial
grid resolutions for the tsunami model 980 s after slump
mass release. The maximum landward sea-surface eleva-
tion of a resolution of 220 m only deviated by 0.6% from
the elevation of a finer resolution of 55 m. Therefore, we
further used the 220 m resolution. The CFL number used
is 0.5.

In 2HD, we executed spatial and temporal grid refine-
ment tests of the landslide model BingClaw, the Kajiura-
type filter, and the tsunami model GloBouss. All numerical
parameters can be found in Table A2. For BingClaw we
evaluated the grid dependency on the slump thickness
after 600 s in a transect striking north–south. At the location
of the thickest slump mass, the thickness obtained with
▵x = 185 m deviated only by 1.7% from that of ▵x =

Table A1. Numerical parameters for the 1HD grid
refinement tests

Physical
process

Numerical
parameter

Value Units

Landslide cell size 26.7, 40, 80,
160

m

Landslide CFL
number

0.45

Kajiura-type
filter

time
interval

5, 10, 15, 20,
30, 40, 50,
60

s

Kajiura-type
filter

cell size 80 m

Wave
propagation

cell size 55, 110, 220 m

Wave
propagation

CFL
number

0.5

Applied models are BingClaw, Kajiura filter and GloBouss in 1HD.
The values in bold were used in our study.
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93 m. The double the resolution of 370 m caused a corre-
sponding deviation of 6.8%. Thus, we used a spatial resolu-
tion of 185 m. The slump was stable with a CFL number of
0.65.

We evaluated the spatial resolution of the input fluxes
into GloBouss 120 s after failure by analysing the first
wave amplitudes of the propagated waves along the same
transect striking north–south. The wave height of the
926 m resolution differed only by 3.1% from that of
232 m. However, since it was feasible to use even 463 m
in the modelling, we chose that. These sources were fed
into GloBouss at various time intervals (see Table A2),
whereas the resulting wave field 3000 s after failure was
analysed. The amplitude of a resolution of 50 s deviated
by 8% from a 30 s resolution. The wave amplitude of a
finer resolution of 20 s deviated by 2% from the 30 s reso-
lution. Thus, the flux sources were fed into GloBouss each
30 s.

We tested three spatial grid resolutions for the tsunami
propagation model GloBouss 4100 s after failure. The first
wave amplitude of the second finest resolution deviated 2%
from the finest resolution, and the coarsest resolution devi-
ated by 8% from the finest resolution. Since the finest res-
olution was feasible, we applied that one. The CFL
number in GloBouss was chosen as 0.8.

Kinematics

As we run our models in a depth-averaged regime, we
divide the slump mass into vertical columns with length
of one cell size. The height difference of the slump surface
H in each column at two adjacent time steps serves as input
for the vertical velocity calculation. With that velocity we
calculate the vertical acceleration az in each column. It
should be noted that resulting vertical velocities are half a
time step behind the time of the surface heights of the

next time loop, and the vertical accelerations are half a
time step behind the velocities. The actual calculation of
the vertical acceleration is a central derivative:

a(n)z = H(n+1) − 2H(n) + H(n−1)

Δt2
for n ≥ 2 (A2)

The first calculated acceleration refers to t(n= 1) = 0.25▵t,
which means that the time interval for the calculations ▵n
is not constant for t , ▵t.

Another kinematic quantity is the bed-parallel accelera-
tion a||, evaluated at the same time. In order to do so, we
need to average the bed-parallel velocity u|| between two
time steps and then evaluate the time derivative:

a(n)|| =
v(n+1)
|| + v(n)||

2
− v(n)|| + v(n−1)

||
2

Δt
for n ≥ 2 (A3)

The same exception for the first calculation step n = 1
applies here.

A third quantity is the angular momentum �L of the entire
slump mass, which is defined as d�L = m(�r ×�v) where m is
the mass of a vertical column, �r the position vector, and�v
the velocity vector. Each quantity is time dependent. The
position vector ranges from the dynamic centre of mass to
the average centre of a vertical column between two time
steps. Position and velocity vectors are both split into hor-
izontal and vertical components, rx and rz, vx and vz, respec-
tively. The vertical velocity component corresponds to the
one from the calculations above, but we approximate the
horizontal velocity component vx with the bed-parallel
velocity v||, as the bed is nearly horizontal. Maximum bed
slope angle is 5.25°. Equation (A4) shows the calculation
for the total angular momentum, which is a sum of all angu-
lar momenta for each vertical column.

�L
n−1

2( ) =
∑nend
n=1

m
�r (n) + �r (n−1)

2
× �u (n) + �u (n−1)

2

=
∑nend
n=1

m r
n−1

2( )
x v

n−1
2( )

z − r
n−1

2( )
z v

n−1
2( )

||
( ) (A4)

For the analysis in this study, we use maximum values of all
times of each quantity described above.
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Abstract—The 2018 Anak Krakatoa volcano flank collapse

generated a tsunami that impacted the Sunda Strait coastlines. In

the absence of a tsunami early warning system, it caused several

hundred fatalities. There are ongoing discussions to understand

how the failure mechanism of this event affected landslide

dynamics and tsunami generation. In this paper, the sensitivity to

different failure scenarios on the tsunami generation is investigated

through numerical modelling. To this end, the rate of mass release,

the landslide volume, the material yield strength, and orientation of

the landslide failure plane are varied to shed light on the failure

mechanism, landslide evolution, and tsunami generation. We

model the landslide dynamics using the depth-averaged vis-

coplastic flow model BingClaw, coupled with depth-averaged long

wave and shallow water type models to simulated tsunami propa-

gation. We are able to match fairly well the observed tsunami

surface elevation amplitudes and inundation heights in selected

area with the numerical simulations. However, as observed by

other authors, discrepancies in simulated and observed arrival times

for some of the offshore gauges are found, which raises questions

related to the accuracy of the available bathymetry. For this pur-

pose, further sensitivity studies changing the bathymetric depth

near the source area are carried out. With this alteration we are also

able to match better the arrival times of the waves.

Keywords: Volcano collapse, landslide failure mechanism,

tsunami, runup, depth-averaged modelling.

1. Introduction

Landslides and volcano flank collapse tsunamis

arguably represent the second most important tsu-

nami source with respect the hazard they pose to

populations (Harbitz et al. 2014; Tappin 2010). From

large sub-aqueous landslides, involving volumes of

hundred to thousands km3 (Masson et al. 2006), to

smaller subaerial landslides impacting the water

surface with large speed (Harbitz et al. 2014), land-

slides span very different scales and types of

generation mechanisms (Heidarzadeh et al. 2014;

Løvholt et al. 2015; Yavari-Ramshe and Ataie-Ash-

tiani 2016). Volcano flank collapses comprise one of

the most important subset of tsunamigenic landslides,

as recently demonstrated by the 2018 Anak Krakatoa

tsunami (Babu and Kumar 2019; Gouhier and Paris

2019; Grilli et al. 2019; Walter et al. 2019; Muhari

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

2020; Novellino et al. 2020; Ye et al. 2020; Putra

et al. 2020) and is the focus of this study. History has

shown that Anak Krakatoa, by no means, represents a

unique event.

In the seventeenth century, two devastating flank

collapse tsunamis, in Shimabara 1792 (Sassa et al.

2016), and in Oshima-Oshima 1741 (Satake and Kato

2001; Satake 2007) impacted Japanese coastlines.

Both caused several thousand fatalities, the 1792

Shimabara event being the most fatal of all historical

landslide tsunamis. It has also been speculated that

flank collapses were a major factor in generating the

1883 Krakatoa tsunami (Nomanbhoy and Satake

1995). Reviews of historical events in Indonesia

(Løvholt et al. 2012; Paris et al. 2014) and the Car-

ibbean (Harbitz et al. 2012) list several more

instances of landslide tsunamis from volcanoes. In

2002, a smaller event emerged from the Stromboli

volcano (Tinti et al. 2005). Consequently, a more

widespread tsunami threat emerging from potentially

much more voluminous flank collapses with oceanic

propagation have been subject to speculation (Ward

and Day 2001). To test this hypothesis, this had lead
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to development of models for dealing with both the

near-field and far-field tsunami generation and prop-

agation (Løvholt et al. 2008; Abadie et al. 2012).

Subject to debate has been to which extent flank large

collapses occur as single events, or with stage-wise

release of the volume as evident from deposits of

Canary Island events (Wynn et al. 2002; Masson

et al. 2006; Paris et al. 2017). With the recent Anak

Krakatoa event in mind, there is a timely need to

better understand how this mechanism controls the

tsunami generation.

1.1. The 2018 Anak Krakatoa Event

On 22 December 2018, the collapse of Anak

Krakatoa produced a devasting tsunami that inun-

dated southern Sumatra and western Java in

Indonesia, and caused several hundred fatalities

(Muhari et al. 2019; Putra et al. 2020). The tsunami

hit the nearest coast 35 min after the southwestern

volcanic flank collapse of Anak Krakatoa. Four tidal

gauges recorded the tsunami heights at the western

Java coast, in Marina Jambu and Ciwandan, and at

the southern Sumatra coast, in Panjang and Kota

Agung (see Fig. 1). The maximum surface elevation

of these four gauge stations was recorded in Marina

Jambu with a height of 1:40 m. A post-tsunami field

survey by Muhari et al. (2019) in two regions at the

western Java coast found a maximum measured

runup height above 13 m in Pantai Legon Tanjung-

jaya, south of the western Java coast (see Fig. 1).

Putra et al. (2020) reported a similar maximum runup

height in the same region.

The Krakatoa complex, containing four islands,

the Anak Krakatoa Volcano, Sertung Island, Panjang

Island, and Rakata Island, is located in the centre of

Sunda Strait, Indonesia. The three surrounding

islands, together with the submarine caldera, are

remnants of the 1883 Krakatoa eruption, which has

been studied by several authors (Francis and Self

1983; Camus and Vincent 1983; Decker and

Hadikusumo 1961; Sigurdsson et al. 1991; Deplus

et al. 1995; Nomanbhoy and Satake 1995; Paris et al.

2014). Anak Krakatoa has frequently erupted since

1927, with eruptions typically strombolian to vulca-

nian in style, characterized by small explosive

eruptions with columns reaching to 1 km in height,

pyroclastic and lava flows (Camus et al. 1987;

Kimata et al. 2012; Suwarsono et al. 2019). During

these eruptions in the last decades, Anak Krakatoa

built up to a height of around 330 m above sea level.

Based on seismographs on the Sertung island and

elsewhere on Sumatra and Java, Muhari et al. (2019)

identified the 2018 Anak Krakatoa flank collapse to

have taken place at 20:55 local time.

Giachetti et al. (2012) simulated a hypothetical

Anak Krakatoa flank collapse already several years

ago, and their scenario volume (0:28 km3) and con-

figuration was in fact very similar to the event that

occurred in 2018, but their simulated waves were

substantially larger. Grilli et al. (2019) modelled the

2018 Anak Krakatoa flank collapse as a deformable

landslide on a geometrical failure plane interpreted

from their satellite images. They applied three differ-

ent volumes and two rheologies, one being a granular

material and the other one being a dense viscous fluid.

Moreover, Paris et al. (2020) used a Savage Hutter

model to simulate the landslide dynamics and cou-

pling to the tsunami generation. A sensitivity study on

the landslide friction angle was carried out, and a

reasonably good agreement with surface elevations

observations at the four gauge stations were found. A

moderate effect of frequency dispersion for the wave

propagation was also reported. Heidarzadeh et al.

(2020) studied a combination of numerical simula-

tions with physical sliding experiments to propose an

initial wave of the event. The influence of the

geometry of the initial wave and related energy were

tested. However, the degree of sensitivity studies in

above studies were limited to study the variability to

landslide volume and model rheologies (Grilli et al.

2019), to the friction angle (Paris et al. 2020), to the

geometry of the initial wave (Heidarzadeh et al.

2020), and none of the above studies investigated

the sensitivity to the rate of landslide mass release,

bathymetric depth, failure orientation, or inundation,

which are all subject to investigation here.

In this study, we treat the 2018 Anak Krakatoa

flank collapse as a depth-averaged visco-plastic

Herschel–Bulkley type flow with the landslide model

BingClaw (Løvholt et al. 2017; Kim et al. 2019;

Vanneste et al. 2019). BingClaw has previously been

successfully used for modelling clay-rich materials of

the largest submarine landslides of the world such as
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Trænadjupet and Storegga (Løvholt et al. 2017; Kim

et al. 2019), and the 1929 Grand Banks landslide

(Løvholt et al. 2018; Zengaffinen et al. 2020). Here

we use BingClaw for modelling the volcanic rock–

slope landslide failure dynamics. The reason why we

choose to use BingClaw for this study is that it is the

only model we are aware of that allows the failure

mass to be released gradually over time, rather than

as a single failure.

1.2. Aims and Overview

The overarching aim of our study is to understand

the mechanism of the landslide that caused the

tsunami. In order to do so, we address the following

questions.

1. Was the landslide a single stage or a multistage

event?

2. How does the landslide directivity affect tsunami

generation?

3. How sensitive is the model to potential errors in

the bathymetry?

Section 2 presents the landslide and tsunami models,

gives an overview of relevant input parameters and

modelling setups, and describes the tidal gauge and

runup height observations. In Sect. 3 we use a basic

scenario to describe model tests, and to show contour

plots of the landslide and tsunami. Then, through a

parametric sensitivity analysis, we show the effect of

the model parameters on the surface elevations at the

four main gauge stations and compare the results to

observations. For the basic scenario, which is the best

Figure 1
Topo-bathymetric map of the Sunda Strait including the southern coasts of the Sumatra Island and western coasts of the Java Island. The interval

of isobaths is 100 m below a water depth of 100 m and 25 m in shallower regions. The light blue labelled markers indicate the locations of the four

tidal observation gauge stations and the green marker the location of the observation of the maximum runup height (13:5 m). The two reddish

markers indicate the locations where dispersion and tsunami model tests are evaluated. The green rectangle in the middle of the map surrounds

the Krakatoa complex, which is shown in more detail in Fig. 2. Two red rectangles at the coast of the Java Island define the regions for the

inundation study. The violet zone extends over the region where the seafloor is deepened to give a minimum depth of 60 m
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fit scenario, an inundation study is compared to field

observations. Section 4 summarises key conclusions.

2. Methods and Background

2.1. Landslide Model

In this paper, we use the viscoplastic landslide

model BingClaw (Løvholt et al. 2017; Kim et al.

2019; Vanneste et al. 2019) to simulate the volcano

flank collapse of the 2018 Anak Krakatoa event. The

model implements the Herschel–Bulkley rheology in

a two-layer depth-averaged formulation (Huang and

Garcia 1998). Kim et al. (2019) presented a detailed

description and derivation of the model. BingClaw

solves the mass conservation equation integrated over

the entire flow depth, the momentum conservation

equation integrated separately over the plug layer

depth and shear layer depth, in two horizontal

dimensions (2HD). The model combines a finite

volume method for the leading order terms with a

finite difference method for the source terms, and

employs the conservation law package ClawPack

(Mandli et al. 2016) using the GeoClaw module

(Berger et al. 2011). If the earth pressure p ¼
qdg0hrðh þ bÞ exceeds the shear strength of the

material in a given computational cell, the dynamic

equations are solved with a Godunov fractional step

method. First, the equations without friction terms are

solved, then the frictional terms. If the shear strength

is larger than the earth pressure, no motion is

imposed.

Figure 2
Topo-bathymetric map of the Krakatoa complex including the volcano Anak Krakatoa and the three surrounding islands, Sertung, Panjang,

and Rakata. The interval of isobaths is 25 m. The initial landslide volume is rendered in red with the periphery as a light green line. The three

lines through the volcano indicate the various investigated failure plane dip directions, h ¼ 125�; 135�; 145�. We show the transect

corresponding to 125� (in yellow colour) in Fig. 3, and use the transect to extract results on the landslide evolution in Fig. 11 and extract

refinement test results in Fig. 16. The violet zone extends over the region with a deepened seafloor
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A notable aspect of the model is that it can

simulate remoulding of landslide material, changes in

material properties over time. The maximum yield

strength of the material will be lowered to a residual

yield strength as a function of accumulated shear

deformation, which is described by the use of a

heuristic formulation (De Blasio et al. 2005)

syðcÞ ¼ syr
þ ðsy0

� syr
Þe�Cc ð1Þ

where syr
is the residual yield strength, sy0

the max-

imum yield strength, C the remoulding rate, and c the

accumulated shear deformation.

In addition to remoulding of the yield strength

over the entire landslide area, BingClaw allows the

user to pre-remould parts of the landslide volume

before the landslide motion is initiated. Here, we pre-

remould a subset of the landslide volume extending

some distance up from the slide toe. This feature

allows the down-slope part to flow out first, which

can help setting up landslide simulations that mimic a

cascading failure.

2.2. Tsunami Models

We use two depth-averaged long wave models to

simulate propagating tsunamis over varying bathy-

metry. The first model is GeoClaw that is used for the

majority of the analyses. It assumes hydrostatic

pressure, captures propagation of breaking waves,

bottom drag, and dry-land inundation with a moving

shoreline (LeVeque et al. 2011; Berger et al. 2011).

GeoClaw incorporates the non-linear shallow water

(NLSW) equations in conservative form and in 2HD,

and uses the shock-capturing Finite Volume methods

and Riemann solvers for ClawPack. Secondly, we use

the GloBouss model, that is run with both linear

shallow water (LSW) and linear dispersive (disp)

equations in order to evaluate the importance of

dispersion. GloBouss lacks features such as a moving

shoreline. Hence, it cannot be used for simulating

dry-land inundation (Pedersen 2008; Løvholt et al.

2008).

The temporal volumetric change of the bathyme-

try caused by the submarine mass movements are the

primary sources for the tsunami generation. Such

progressing changes in the bathymetry are output

from BingClaw at given times and are used directly

in the tsunami generation model. We use only

GeoClaw as a tsunami generation model. GloBouss

is merely used as a tsunami propagation model that

takes the surface elevations and velocities from

GeoClaw at 600 s as initial conditions. At this time

the landslide is nearly at rest and the leading waves

have escaped the Krakatoa complex.

2.3. Model Setup

2.3.1 Geometrical and Geotechnical Input

We employ the default parameters listed in Table 1.

Our landslide density qd ¼ 1500 kg m�3 is based on

the study of a potential Anak Krakatoa flank failure

by Giachetti et al. (2012). The Herschel–Bulkely

flow exponent n is 0\n\1 for shear-thinning

materials. During preliminary tests, it was found that

n is not important for the tsunami generation

(Zengaffinen et al. 2020). We employ n ¼ 0:5. The

reference strain rate _cr relates dynamic viscosity,

yield strength and the Herschel–Bulkley flow expo-

nent (Kim et al. 2019). We set _cr ¼ 1:6 � 107 s�1. The

maximum yield strength sy0
of the landslide material

defines its strength at the initial time unless pre-

remoulded. This strength is applied to the up-slope,

initially stable, volume. We tested several sy0
values

to obtain sy0
¼ 4 MPa that can, in combination with

the applied value ranges for the residual yield

strength syr
(see Table 2) and remoulding rate C,

Table 1

Default parameters

Parameter Symbol Value Unit

Landslide density qd 1500 kg m�3

Gravitational acceleration g 9.81 m s�2

Herschel–Bulkley flow exponent n 0.5 -

Reference strain rate _cr 1:6 � 107 s�1

Initial yield strength sy0
4000 kPa

Remoulding coefficient C 0.9 -

Added-mass coefficient Cm 0.1 -

Friction drag coefficient CF 0:0025* -

Pressure drag coefficient CP 0:5* -

Water density qw 1000 kg m�3

Manning coefficient M 0.025 -

*Sensitivities are explained below
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mimic a cascading failure. We tested several C values

to ensure that the landslide can mobilise despite the

relatively large initial yield strength. We use C ¼ 0:9

in this study. Laboratory experiments by Watts

(2000) suggest an added-mass coefficient Cm in the

order of magnitude of 1 for short blocks. However,

Cm is also dependent on the ratio between landslide

thickness and landslide length (Enet and Grilli 2007).

Cm ¼ 0:1 is used herein. For the tsunami modelling,

we use a sea water density qw ¼ 1000 kg m�3 and a

Manning coefficient M ¼ 0:025 (Berger et al. 2011).

With these default paramteter values, we inves-

tigate the sensitivity to geometrical parameters such

as the landslide directivity, the total and pre-

remoulded release volume (see Table 2):

1. Landslide directivity: A constantly inclined fail-

ure plane separates the viscoplastic landslide

material from the stable volcano rocks, whose

dip angle of 8:2� (Giachetti et al. 2012) defines the

angle of the landslide entering the water. Satellite

images indicate a south-west failure direction of

the 2018 event, e.g. h ¼ 135� west from the north

(Babu and Kumar 2019). In order to investigate a

sensitivity to the dip direction, which controls the

landslide directivity, we include also scenarios

with failure plane dip directions of h ¼ 125� and

h ¼ 145� (see Fig. 2).

2. Total release volume: The height of the failure

plane defines the total release volume, i.e. the

entire viscoplastic material above the failure

plane. Giachetti et al. (2012) used a total volume

of 0:28 km3 as a hypothesis for the 2018 Anak

Krakatoa flank collapse. We employ this volume,

as well as a smaller volume of 0:21 km3, to model

the sensitivity to the landslide volume. Our choice

of landslide volumes is consistent with the volume

range of 0.22–0.30 km3 previously reported by

Grilli et al. (2019), and 0.175–0.236 km3 reported

by Heidarzadeh et al. (2020) for the 2018 Anak

Krakatau flank collapse.

3. Pre-remoulded release volume: We split the

total volume into a down-slope, initially weak, and

an up-slope, initially stable, volume (see section

above). The down-slope volume defines the pre-

remoulded release volume that we alter from 1 to

60%, and finally 100% of the total release volume

in order to indicate that a single collapse event

triggered the tsunami. The volume will fail

sequentially if the pre-remoulded release volume

is less than 100%. Figure 3 illustrates three

different values for a pre-remoulded release vol-

ume in a transect through the volcano.

Apart from the geometrical parameters, we also

investigate the sensitivity to the residual yield

strength (see Table 2). The yield strength is

remoulded to the residual yield strength over time

for materials originating from the up-slope, initially

stable, volume, as defined by Eq. 1. The down-slope,

initially unstable, volume is pre-remoulded, meaning

that the residual yield strength is applied at the initial

time. In this study, we investigate the sensitivity to

the remoulded yield strength for syr
¼ 1 kPa, 100 kPa,

which are reasonable values based on preliminary

tests.

In addition to the model parameters for the

sensitivity studies explained above, we test the effect

of friction and pressure drag coefficients, CF and CP,

respectively, on the landslide velocities. We base our

value ranges, CF ¼ 0:001, 0.0025, 0.005, 0.01 and

CP ¼ 0:1, 0.5, 1.0, on the value ranges from studies

by De Blasio et al. (2004) and Kim et al. (2019). It

was found that for this particular setting, these

different CF and CP values only gave differences

between 4 to 5% on the maximum landslide veloc-

ities and with little influence on the tsunami

generation, hence, they were not investigated further.

Table 2

Geotechnical and geometrical parameters for the sensitivity

analysis

Parameter Symbol Values Unit

Landslide directivity h 125, 135, 145 �

Total release volume Vtot 0.21, 0.28 km3

Pre-remoulded release volume Vr 1, 60, 100 %

Residual yield strength syr
1, 100 kPa

Water depth north of Anak hb 10*, 60 m

The bold values represent parameter values for the best fit scenario

*10 m is the original water depth, and 60 m is the increased water

depth
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2.3.2 Applied Bathymetric Grids

Our analysis is based on the topo-bathymetric grid

provided by Giachetti et al. (2012). They used data

which are based on a combination of four digital

elevation models, (I) ASTER topography with a

30 m-resolution, (II) submarine bathymetric maps

from the Indonesian navy, (III) GEBCO bathymetry

with around 900 m-resolution of the entire Sunda

Strait region, and (IV) a bathymetric map of the

Krakatoa Archipelago from Deplus et al. (1995). The

merged topo-bathymetry has a resolution of 100 m in

both x- and y-direction in Cartesian coordinates

(WGS 84). The topo-bathymetry from Giachetti et al.

(2012) is constructed prior to the failure. In order to

produce the topo-bathymetry for our failure area

without the landslide material, we insert the 8:2�-

inclined failure plane into the volcano at various

heights and orientations, as mentioned above, and cut

the material above the failure plane.

In the applied bathymetry, north of the volcano

Anak Krakatoa, there is a shallow water basin that

has a depth of approximately 10 m. Because the

simulations are highly sensitive to the accuracy of the

bathymetry, and we observe significant offsets

between simulated and observed dominating wave

periods and arrival times, we cannot rule out

inaccuracies in the applied bathymetry. We remark

that this mismatch was also observed by the simu-

lations carried out by Grilli et al. (2019) and Paris

et al. (2020). We also note that such errors in open

source data previously have been shown to be

significant for other areas in this region, such as

Palu. Therefore, we deepen the seafloor to 60 m over

a total area of 174 km2 reaching 19 km in latitudinal

direction (see Fig. 1) to remove the shallow region

Figure 3
Transect through the volcano Anak Krakatoa at 125� from the north. The black line indicates the post-collapse sea bottom. The area between

the green line and black line represents the viscoplastic material prior to failure. A pre-remoulded release volume of 1% of the total release

volume comprises the area from the bottom of the volcano to the blue vertical line, and an pre-remoulded release volume of 60% to the red

vertical line. The profile location is shown in Fig. 2
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north of the volcano. We have no firm justification for

this manipulation of the bathymetry, save that it turns

out to improve the agreement between observations

and simulations. It may also serve as an example of

the effects of uncertain bathymetry. To avoid abrupt

transitions in the depth, we increase the depth

between two adjacent cells in the modified area

by a maximum of 3 m. We use this modified data, as

well as the original data from Giachetti et al. (2012),

for a sensitivity to our pre-collapse bathymetry (see

Table 2). For instance, a deeper bathymetry can lead

to changes in earlier arrival times, and also makes the

waves less prone to dissipation and breaking in the

early phase of propagation.

The depth matrix for simulating the landslide

dynamics covers the Krakatoa complex in a rectangle

with length 15 km in longitudinal and 14:5 km in

latitudinal directions, respectively. The applied grid

resolution is 36 m in both directions, which is

interpolated from the original topo-bathymetric data

with a resolution of 100 m provided by Giachetti

et al. (2012). The values of the grid cells adjacent to

the boundary are copied into two ghost cells. This

aids the implementation of non-reflecting outflow

(LeVeque 2002). The depth matrix for the tsunami

propagation computation covers the entire Sunda

Strait region, including the Krakatoa complex, the

western Java coast, and the southern Sumatra coast,

forming a square of 180 km side length. The resolu-

tion in GeoClaw is 175 m in both directions, which is

interpolated from the 100 m-resolution topo-bathy-

metry, and the resolution in GloBouss is 100 m. We

apply non-reflecting outflow boundaries to the grid

used by GeoClaw. In GloBouss we apply a sponge

layer with 2:5 km at all boundaries, which relaxes the

surface elevation (Pedersen and Løvholt 2008), and

to avoid artificial coastal oscillations, we apply a

minimum computation depth of 1 m. The accuracy

using the different model resolutions for BingClaw,

GeoClaw, and GloBouss through grid refinement

tests is provided in the appendix.

We analyse two regions along the western Java

coast for the tsunami inundation simulations with

GeoClaw. The northern region, located east of Anak

Krakatoa around the Marina Jambu gauge, is defined

by a rectangle with length 8:4 km in longitudinal and

11:7 km in latitudinal directions, respectively. The

southern region, located south-east of Anak Krakatoa

around Pantai Legon Tanjungjaya, has an extent of

7:0 km in longitudinal direction, and 16:7 km in

latitudinal direction (see Fig. 4). The grid resolution

in both longitudinal and latitudinal directions is 11 m

for both regions, which is interpolated from the

original topo-bathymetric grid with a 100 m-resolu-

tion. As the topographic data is based on open source

data, the accuracy of the inundation distances can be

expected to be limited. Hence, we limit our inunda-

tion analysis to compare with observed heights.

2.4. Observations

Muhari et al. (2019) studied pre- and post-event

bathymetric data in the caldera formed by the 1883

eruption. Their analysis showed more than 50 m thick

sediments in the 1883 caldera, which we use to

validate our landslide model.

Observed tsunami surface elevation time series at

the four different gauge stations, Kota Agung and

Panjang at the southern coast of Sumatra, and

Ciwandan and Marina Jambu at the eastern coast of

Java (Muhari et al. 2019), serve as comparison to our

simulated surface elevation time series. Each gauge

station is equipped with three sensors. We set our

initial sea level relative to Mean High Water (MHW).

In Figs. 9, 10, 12, 13, and 14 we show detided surface

elevation time series in Kota Agung, Panjang, and

Ciwandan from sensor 2. All three sensors recorded

very similar data. For Marina Jambu we show the

detided data from sensor 1 and 3, because sensor 1

measured a leading crest twice as large as sensor 3,

and sensor 2 did not work when the waves arrived.

The sampling rate of the observed tidal data is once a

minute, which is quite coarse given the 5–15 min

observed first arrival wave periods (see Table 3).

Due to the coarse resolution of the shoreline in

our bathymetry, we moved the gauges 300 m off the

coasts. Taking into accounts the depths, that are in the

range 1–6 m, say, this may shift arrival times about

100 s. This is of the same order as the deviations in

arrival times that we encounter in the simulations,

which illustrates the sensitivity of the arrival time to

the details of the coastal bathymetry. We list

measured first arrival times, surface elevations, and

first wave periods of the tidal time series in Table 3.
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The first arrival time is defined by the time of the first

sea-level rise with a threshold value of 5 cm due to

noise in the observed time series. The same extraction

method is used for simulated wave metrics, but due to

lower noise level, the threshold value is set to 1 cm.

For the simulations the reduced threshold will make a

significant difference only for the Panjang wave

gauge. Here, the low 1 cm threshold leads to inclusion

of the low precursor in the simulations between 3800

and 3960 s, say. This low elevation presumably has

taken a different path from the source than the

following crest of 0:41 m and is thus not included in

the calculation of the period of the first simulated

wave. While the low precursor reduces the difference

in travel time between the simulation and the

observation, it must be pointed out that the wave

shapes are very different (see Figs. 9, 10, 12, 13, and

14). In addition, the observed time series are coarsely

resolved. Hence, the interpretations of the arrival

times are uncertain. The first wave period is defined

by twice the time difference between the first zero-

crossing and the first arrival time, except in Panjang

(see above). In Figs. 9, 10, 12, 13, and 14 the time

series in Ciwandan is shifted by 204 s forward in time

in order to visualise the relatively good waveform

match with the simulations.

In addition, Muhari et al. (2019) executed a post-

tsunami field survey from 26 to 30 December 2018,

whose data we use to compare with our inundation

simulations. They provided twelve locations with

runup height measurements at the Java coast, seven in

the northern region and five in the southern one.

Runup heights are in the range from 7.1 to 13:5 m in

the southern region, and from 3.5 to 5:0 m in the

northern region. Also Putra et al. (2020) conducted a

post-tsunami field survey eight days after the event.

They reported a maximum runup height near the

northern region of 2:7 m based on one measurement,

and runup heights in the range from 4 to 13 m near

the southern region based on twelve measurements.

These results are similar to those of Muhari et al.

(2019).

Figure 4
Maps of the investigated regions for the inundation study with observation locations Marina Jambu in light blue and Pantai Legon

Tanjungjaya in green. Red dots indicate locations of measured runup heights. The numbers indicate the respective run-up heights
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3. Results

3.1. Assessment of Dispersion Effects

A measure of the importance of dispersion is

s ¼ 6h2L

k3
; ð2Þ

which is a temporal variable for the evolution of

dispersion effects (Glimsdal et al. 2013). Here, h is

the characteristic water depth, L the propagation

distance, and k ¼ c0 T the wave length of the wave

front in the source area with linear wave speed c0 and

wave period T. We evaluate c0 and T in two gauges

10 km southwest and east of the volcano, which

results in k1 ¼ 5:16 km for the southwestern gauge

and k2 ¼ 4:31 km for the eastern gauge. We evaluate

the importance of dispersion, first, for waves travel-

ling from the southwestern gauge to Kota Agung, and

second, for waves travelling from the eastern gauge

to Ciwandan. Using an average characteristic water

depth h1 ¼ 320 m, propagation distance L1 ¼ 90 km,

and k1 ¼ 5:16 km, we get s1 ¼ 0:402 for the waves in

Kota Agung, which implies a significant dispersion

effect. The reason for this significant effect is mostly

due to the relatively deep basin between the source

and Kota Agung. As a consequence, our results for

this gauge give only an indication as we do not

include dispersion for the GeoClaw simulations. On

the other hand, using h2 ¼ 80 m, L2 ¼ 45 km, and

k2 ¼ 4:31 km, the dispersion effect is small,

s2 ¼ 0:0216, for waves in Ciwandan. A similar s
implies for the gauges in Marina Jambu and Panjang,

thus dispersion effects are small in these shallow

parts in the Sunda Strait.

We run GloBouss from 600 s after the flank

failure (see Sect. 2.2) with both LSW and dispersive

equations. Two gauges that are both positioned two

thirds of the distance from the volcano to Kota Agung

and to Ciwandan (see Fig. 1), are used to investigate

the importance of dispersion. Concerning the leading

crest, the difference between the dispersive equations

and the LSW equations is 2% and 5%, respectively,

for the two gauges. For the later parts of the wave

trains, the deviations are larger, in particular for the

wave gauge on the way to Kota Agung (see

Fig. 5). To compare the sensitivity due to the choice

of model, we also compare the LSW version of

GloBouss with GeoClaw at the same wave gauges.

Here, the leading crest deviates by 7% between the

two models, whereas later waves deviate to a larger

extent (see Fig. 5), which may be due to artificial

coastal reflections in the GloBouss model.

GloBouss results indicate that dispersive effects

are small in shallow parts of the Sunda Strait, which

is north, east, and south of Anak Krakatoa, and that a

non-dispersive tsunami model is applicable. Hei-

darzadeh et al. (2020) reported a s in the same order

of magnitude, and concluded that the effect of

dispersion in the Sunda Strait is weak. On the other

hand, Paris et al. (2020) found a larger influence of

dispersion. However, their source model was quite

different from the one used herein, and they also

studied propagation in the deeper regions outside the

Sunda Strait.

Table 3

Wave metrics at the four gauge stations in Ciwandan (C), Marina

Jambu (MJ), Kota Agung (KA), and Panjang (P)

Wave metrics Data C MJ KA P Unit

First arrival

time

Observation 2380* 2030 2440 3580 s

Our study 2584 2030 2443 3790 s

Grilli et al.

(2019)

2640z 1870 2240 3390 s

Height of the

leading crest

Observation 0.22 0.60 0.36 0.083y m

Our study 0.28 0.81 0.15 0.41 m

Grilli et al.

(2019)

0.37 1.25 0.37 0.16 m

Maximum

surface

elevation

Observation 0.73 1:41x 0.62 0.41 m

Our study 0.64 1:41x 0.15 0.42 m

Leading crest

wave period

Observation 600 360 840 480** s

Our study 388 368 1329 1480** s

Our observation data for first arrival time, the height of leading

crest, and maximum surface elevation are similar to the data from

Muhari et al. (2019). For the simulations we have employed the

standard parameters as printed in bold in Table 2

*Muhari et al. (2019) measured 2100 s

yMuhari et al. (2019) neglected the first small wave arrival

zCorrected value according to plot by Grilli et al. (2019)

xThis value was obtained for the second and the fourth crest,

respectively, in the observed and simulated time series. The second

crest was 1:24 m high in the simulations

**The first surface elevations are very different for the simulation

and observation (see main text)
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3.2. Landslide and Wave Propagation of the Basic

Scenario

Figure 6 shows contour plots of the landslide

masses prior to the release, 15 s, 30 s, and 90 s after

the release. The landslide mass starts flowing radially

over the volcano with a maximum speed of 35 m s�1

towards southwest (see Fig. 7). When the material

arrives in the submarine caldera, 30 s after initiation,

the landslide is guided by the shape of the caldera.

After 600 s, the mean landslide speed is reduced to

2 m s�1, and after 780 s the landslide stops moving

and exhibiting a maximum deposit of ca. 50 m (not

shown here). The sediment thickness is similar to the

findings from Muhari et al. (2019). Figure 8 shows

six colour plots of the tsunami surface elevations

after 30 s, 60 s, 90 s, 120 s, 600 s, 1500 s after the

landslide mass release. The waves start propagating

radially inside the Krakatoa complex with a main

propagation direction towards southwest. After 120 s

the waves escape the Krakatoa complex through three

openings between the three surrounding islands of

Anak Krakatoa.

3.3. Parametric Sensitivity Study

We compare surface elevation time series for

different values of the total release volume Vtot, pre-

remoulded release volume Vr , landslide directivity h,

residual yield strength syr
, and the bathymetry north

of the volcano hb. The values of these parameters are

presented in Table 2. One parameter is altered at a

time, whereas the bold values from Table 2, which

refers to the basic scenario, are used as default values.

Also wave periods and arrival times are compared

(see Table 3).

3.3.1 Total Release Volume

First, we show the sensitivity to the total release

volume Vtot to the tsunami surface elevation time

series in Fig. 9 for an instantaneous collapse. No

remoulding is applied here, meaning that the yield

Figure 5
Simulated surface elevations at the two off-shore gauges (see Fig. 1) using different tsunami models. LSW stands for linear shallow water

equations and disp for linear dispersive equations in GloBouss. Dispersive effects are more important at the deeper gauge, and the solution in

GeoClaw and GloBouss disp match better at the deeper gauge
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strength, syr
¼ 1 kPa, is constant for all times and the

entire collapse volume. For all four gauges, the

higher volume, Vtot ¼ 0:28 km3, causes higher sur-

face elevations than the lower volume,

Vtot ¼ 0:21 km3. For instance, in Panjang and Kota

Agung, the leading crests for the larger landslide

volume are about 1.5 times higher, respectively.

3.3.2 Residual Yield Strength

The next parameter we investigate is the residual

yield strength syr
for the instantaneous collapse with

Vtot ¼ 0:28 km3. The strength for the entire collapse

volume is syr
. Figure 7 shows the time evolution of

the maximum and mean landslide velocities for both

syr
. Velocities for syr

¼ 1 kPa are larger and the

landslide motion lasts longer than for syr
¼ 100 kPa.

Figure 6
Colour plots of the landslide prior to landslide release (top left), 15 s (top right), 30 s (bottom left), and 90 s (bottom right) after the release for

the basic scenario. The red coloured surface indicates the landslide thickness in metres

Figure 7
Sensitivity to the remoulded yield strength for maximum and mean

landslide velocities. Parameters held constant are listed in bold in

Table 2
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The influence of syr
on the surface elevation time

series at the four gauges is shown in Fig. 10. The time

series for a yield strength syr
¼ 100 kPa show general

lower surface elevations in all four gauges than for

syr
¼ 1 kPa. Overall, the smaller syr

provides better

agreement with the observations, but not consistently.

Figure 8
Contour plots of the water waves at 30 s, 60 s, 90 s, 120 s, 600 s, and 1500 s after the landslide release for the basic scenario

Modelling 2018 Anak Krakatoa Flank Collapse

55



3.3.3 Gradual Mass Release

The scenarios above had a pre-remoulded volume

Vr ¼ Vtot, which refers to an instantaneous collapse

without remoulding. We vary the pre-remoulded

release volume Vr\Vtot (see Sect. 2.3) to simulate

a gradual mass release (see Fig. 12). The down-slope

volume that is pre-remoulded fails first, and the up-

slope, initially stable, volume is being remoulded

during the landslide flow (see Fig. 11). The surface

elevation time series of a gradual mass release over

240 s for Vr ¼ 0:6 Vtot has same wave periods and

first arrivals as the instantaneous collapse, but in

Figure 9
Sensitivity to the total release volume. The observed time series in Ciwandan is shifted by 204 s forward in time in order to visualise the

relatively good waveform match. Black lines are observations from sensor 2 for the gauges except in Marina Jambu, where the black lines is

the observation from sensor 3 and the gray line from sensor 1. Parameters held constant are listed in bold in Table 2
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general lower surface elevations, except for the Kota

Agung gauge.

A pre-remoulded release volume of only Vr ¼
0:01 Vtot causes lower wave heights, later arrival

times, and longer periods for all four gauges. The first

arrival wave in Kota Agung has half the surface

elevation and arrives 400 s later than the waves

caused by the instantaneous collapse. In Ciwandan

and Marina Jambu the first arrival waves are troughs

rather than crests, and reach the gauges around 550 s

later than the waves caused by the instantaneous

collapse. In Panjang surface elevations are less than

Figure 10
Sensitivity to the remoulded yield strength. The observed time series in Ciwandan is shifted by 204 s forward in time in order to visualise the

relatively good waveform match. Black lines are observations from sensor 2 for the gauges except in Marina Jambu, where the black lines is

the observation from sensor 3 and the gray line from sensor 1. Parameters held constant are listed in bold in Table 2
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0:02 m, whereas they reach up to 0:4 m for the

instantaneous collapse (Vr ¼ Vtot). These differ-

ences imply that the gradual mass release has a

major on the tsunami generation for such a setting.

In total, the instantaneous collapse yields some-

what better agreements with the observations than

Vr ¼ 0:6 Vtot. Grilli et al. (2019), Paris et al. (2020),

and Heidarzadeh et al. (2020) all based their simu-

lations on an instantaneous collapse, which seems

reasonable based on the results of our study. The very

small Vr in our study is definitely off the mark.

3.3.4 Landslide Directivity

We turn our attention back to an instantaneous mass

release and focus on the landslide directivity h
(measured counter-clockwise from the north). Fig-

ure 13 shows the sensitivity to h on the surface

elevation time series. h ¼ 145� gives too high first

waves in Ciwandan and Marina Jambu, and a too low

first wave in Panjang, while there are only moderate

differences between h ¼ 125� and h ¼ 135�. The first

wave in Kota Agung is hardly affected by h. Later

arrivals do not depend on h in a systematic manner

for any gauges.

3.3.5 Modification of Bathymetric Depth

As a last test we investigate the water depth north of

the landslide source (see Fig. 14) by applying an

instantaneous volcano flank collapse. In the original

bathymetry there is a shallow region with a minimum

depth of hb ¼ 10 m north of the volcano (see Fig. 1).

For our analysis, we increased the water depth in this

region to obtain hb ¼ 60 m, which was applied in all

scenarios in Figs. 9, 10, 11, 12, 13. A variation in hb

has influence on the first arrivals in Panjang, whereas

the first arrivals in the other three gauges are not

sensitive to the change in bathymetry north of the

volcano. In Panjang, the leading crest is 25% lower

for hb ¼ 10 m than for hb ¼ 60 m, and the arrival

time of the first steep wave front is around 100 s later

for the lower hb. Subsequent crests differ in all

gauges for varying hb.

Waves travel faster through the modified bathy-

metric area north of the volcano than through the

shallower original bathymetry, which implicates an

earlier first wave arrival in Panjang. Our simulated

first arrival time in the Panjang gauge matches the

observation better than with the original bathymetry.

Moreover, waves travelling through the shallow

region north of the volcano in the unmodified

bathymetry are strongly steepening in the front.

Analyses show that the first wave period increases

with travel distance for the original bathymetry, while

the first wave period is less subject to change when

using the modified bathymetry. However, the simu-

lated wave period in Panjang is still somewhat larger

than the observed wave period. Also, the modified

bathymetry leads to different interference patterns,

which affects the waves at the Panjang gauge. Our

Figure 11
Landslide evolution for various pre-remoulded release volumes in a transect 15 s and 60 s after failure. The transect is oriented 125� west from

the north and is shown in Fig. 2

T. Zengaffinen et al. Pure Appl. Geophys.

58



simulated maximum surface elevation matches the

observation better with the modified bathymetry (see

Table 3).

We find similar discrepancies in the Kota Agung

gauge where our simulated first arrival wave period is

larger and the leading crest smaller than the obser-

vation (see Table 3). In addition to the small

discrepancies due to the significance of dispersion

(see Fig. 5), we assume inaccuracies of the bathy-

metry in general based on the surface elevation time

series mismatch between observation and simulation

at the coast of Sumatra. The coarse resolution and

noisy appearance of the recordings may suggest that

the recordings at the coast of Sumatra are inaccurate.

The lack of the complex geometries of the harbours

around the gauge stations in the applied topo-

Figure 12
Sensitivity to the pre-remoulded release volume. The observed time series in Ciwandan is shifted by 204 s forward in time in order to visualise

the relatively good waveform match. Black lines are observations from sensor 2 for the gauges except in Marina Jambu, where the black lines

is the observation from sensor 3 and the gray line from sensor 1. Parameters held constant are listed in bold in Table 2
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bathymetry presumably leads to mismatches (Grilli

et al. 2019).

3.4. Analysis of Best Fit Scenario

An instantaneous volcanic flank collapse with a

pre-remoulded and total release volume of Vr ¼
Vtot ¼ 0:28 km3 (similar to the one used by Grilli

et al. 2019), a landslide directivity of h ¼ 125� west

from the north (similar to the one used by Grilli et al.

2019; Heidarzadeh et al. 2020), a residual yield

strength of syr
¼ 1 kPa, and a modified water depth

north of the volcano of hb ¼ 60 m produces a tsunami

that matches the observed surface elevation time

series at the four gauge stations best. This is the basic

scenario and is regarded as best in respect of a visual

Figure 13
Sensitivity to landslide directivity. The observed time series in Ciwandan is shifted by 204 s forward in time in order to visualise the relatively

good waveform match. Black lines are observations from sensor 2 for the gauges except in Marina Jambu, where the black lines is the

observation from sensor 3 and the gray line from sensor 1. Parameters held constant are listed in bold in Table 2
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comparison of wave arrival time, wave period, and

surface elevation between observation and simula-

tion. We compare our simulated wave metrics at the

four gauge stations with observations (see Table 3).

1. Maximum surface elevations: Our simulation

matches the observed height of the leading crests

in three of the four gauge stations, but

underestimates the height in Kota Agung by a

factor of two. Later crest heights in Ciwandan and

Marina Jambu match the observations as well.

2. Leading crest wave periods: Simulated first

arrival wave periods are in the same range as the

observed periods at the eastern coast of Java, in

Ciwandan and Marina Jambu. The simulated wave

Figure 14
Sensitivity to the bathymetry north of the volcano. The observed time series in Ciwandan is shifted by 204 s forward in time in order to

visualise the relatively good waveform match. Black lines are observations from sensor 2 for the gauges except in Marina Jambu, where the

black lines is the observation from sensor 3 and the gray line from sensor 1. Parameters held constant are listed in bold in Table 2
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periods in Kota Agung and Panjang are signifi-

cantly larger than the observations.

3. First arrival times: We adjusted the flank collapse

time by requiring a correct arrival time for the

Marina Jambu gauge and obtained 20:54:20. For

comparison, Grilli et al. (2019) used an estimated

local collapse time of 20:57 based on their simu-

lations, whereas Muhari et al. (2019) identified the

time of origin of tsunamigenic activity as 20:55

local time. The first arrival time agrees well in Kota

Agung, but is 204 s larger than the observed time in

Ciwandan. Observations in Ciwandan are time-

shifted in Figs. 9, 10, 11, 12, 13 to show a relatively

good waveform match. The leading crest in Panjang

arrives 210 s later than the observation.

3.5. Inundation Study

The best fit scenario is used for an inundation

study for the two selected regions at the Java coast

described above (see Fig. 4). As stated above, the

topographic data used to create the grid for the

inundation analysis are based on open source infor-

mation. As reported elsewhere (Griffin et al. 2015),

such data can often lead to hindering the onshore flow

and hence limit the horizontal inundation. Hence, we

do not show inundation distances. Moreover, we

remark that our ability to model local inundation

effects are more limited than if high resolution data

were available.

The maximum simulated runup height in the

northern region is 6:1 m, and 7:9 m in the southern

region (see Fig. 15). In the northern region, the

simulations agree well with the observations. Yet, for

the three northernmost positions, the observed runup

heights are underestimated by the simulations. How-

ever, the maximum simulated surface elevation in the

Marina Jambu gauge is 1:4 m, which is the same as

the maximum observed surface elevation. In the

southern region runup heights are underestimated at

all locations, except one. Here, we lack offshore

tsunami data.

4. Concluding Remarks

We used the depth-averaged viscoplastic numer-

ical landslide model BingClaw to simulate the 2018

Anak Krakatoa volcanic flank collapse, and coupled

it to the non-linear numerical model GeoClaw that

simulates the generation, propagation, and inundation

of the resulting water waves. We showed that the

flank collapse most likely took place as an instanta-

neous collapse rather than a gradual flank failure

moving up-slope. For the instantaneous collapse, our

simulations show a good overall match with observed

wave periods, surface elevations, and arrival times at

the two gauge stations on Java. On Sumatra, the

simulations compare less well, and surface elevations

are matched with our modified topo-bathymetric data

Figure 15
Bar charts of runup heights for two simulated scenarios compared with field observation. The left panel represents the northern region and the

right panel the southern region. Maximum inundation heights are the same as runup heights for all locations
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at one gauge, and the first arrival time is matched at

the other gauge. The landslide directivity is a sig-

nificant control on surface elevation time series,

which can be seen in three of the four gauge stations.

Our best match is 125� west from the north. At the

locations where we extracted runup heights from the

inundation study, half the simulated data matches

observed data, and the other half underestimates the

observation.

Shallow waters dominate the northern and eastern

Sunda Strait, which makes the tsunami modelling,

based on open source data, sensitive to bathymetric

errors as recently observed for the tsunami in Palu

Bay. According to our analysis, the first arrival time

in Panjang is matched better with the modification of

the bathymetry, making it deeper north of the vol-

cano, than with the original bathymetry. However,

our simulated wave periods in Panjang are still three

times as large as the observed wave periods. A pos-

sible reason for the large wave periods in the model,

is due to artificially high dissipation and breaking in

shallow regions. This may again be due to errors in

the bathymetry, but this is difficult to verify without

better bathymetric data.

We acknowledge that the simulations contain

many uncertainties concerning the simplified failure

plane, the estimation of the total collapse volume, the

depth-averaging of the slide motion, the coarse topo-

bathymetric data, and the fact that we modelled a

dacite rock debris flow with a model previously used

for clay-rich sediments. The post-collapse topo-

bathymetric data, which has recently been acquired,

will serve as a base for more accurate volume esti-

mates, a more detailed failure surface, and an extent

of the landslide run-out, which can be used to validate

the landslide model. That will, next to our fairly well

suited model, give a more consistent description of

the 2018 Anak Krakatoa volcanic collapse and

tsunami.
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Appendix: Grid Refinement Tests

A.1 The Landslide Model

A grid refinement test using three different spatial

resolutions, DxB ¼ 73 m, 36 m; 18 m, for the landslide

model BingClaw is executed. The finest resolution

DxB ¼ 18 m is the reference resolution. The maxi-

mum landslide thickness shows a deviation of 15%

between the reference resolution and DxB ¼ 73 m,

and 4% between the reference resolution and DxB ¼
36 m (see upper panels in Fig. 16). A resolution of

DxB ¼ 36 m is applied for further analyses. In

BingClaw we employ an adaptable time step, such

that the CFL numbers are always below 0.8 and with

a preference value of 0.65 (LeVeque 2002).

A.2 Landslide Updating Within Tsunami Model

The source term in the tsunami model is the

volume displacement from the landslide model,

which is updated at a certain frequency. We tested

the following update frequencies of the landslide

source into the tsunami model GeoClaw:

Df ¼ 12 min�1; 4 min�1; 2 min�1; 1 min�1, with Df ¼
12 min�1 being the reference frequency. The surface
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elevations outside the source area deviate 8%

between the reference frequency and

Df ¼ 12 min�1, but less than 1% for Df ¼ 4 min�1.

We apply Df ¼ 4 min�1 for further analyses (i.e.

updating the landslide source terms every 15 s).

A.3 The GeoClaw Model

We tested various spatial resolutions for GeoC-

law, DxG ¼ 351 m; 175 m; 87 m, shown as time series

at all four gauges in Fig. 9. The average deviation of

the leading crest between the reference resolution

(DxG ¼ 87 m) and DxG ¼ 351 m is 44% for all four

gauges. The same average deviation for DxG ¼ 175 m

is 10%. The resolution DxG ¼ 175 m represents a

reasonable compromise concerning model inaccura-

cies and large computation times when using the

reference resolution. A visual inspection of wave

periods and first arrival times, in Fig. 9, suggest a

relatively good match between DxG ¼ 175 m and the

reference resolution. We apply a spatial resolution of

DxG ¼ 175 m for further analyses. We refined two

specific regions near the coasts (see Fig. 4) down to a

grid resolution of 11 m for the inundation study. As

for BingClaw, an adaptable time step is employed,

this time with a CFL-number maximum of 1.0 and

0.75 as desired value.

A.4 The GloBouss Model

In GloBouss we applied grid resolutions of

DxGl ¼ 200 m; 100 m; 50 m, with the latter being the

reference resolution. For both LSW and dispersive

equations, the first crest deviates with 25% between

the reference resolution and DxGl ¼ 200 m, and with

6% between DxGl ¼ 100 m and the reference resolu-

tion. We apply DxGl ¼ 100 m for further analyses.

The time step is kept constant in GloBouss. For the

LSW equations we used a time step that gave a

maximum CFL number of 0.60. For the disp equa-

tions the model is implicit and hence more stable.

Thus, the maximum CFL number is chosen as 7.22.

This gives a more favourable time step in the shallow

regions of the Sunda Strait.

Publisher’s Note Springer Nature remains neutral

with regard to jurisdictional claims in published maps

and institutional affiliations.

REFERENCES

Abadie, S., Harris, J., Grilli, S., & Fabre, R. (2012). Numerical

modeling of tsunami waves generated by the ank collapse of the

Cumbre Vieja Volcano (La Palma, Canary Islands): Tsunami

source and near field effects. Journal of Geophysical Research:

Oceans, 117(C5).

Babu, A., & Kumar, S. (2019). InSAR Coherence and Backscatter

Images Based Analysis for the Anak Krakatau Volcano Eruption.

In Multidisciplinary digital publishing institute proceedings

(Vol. 24, p. 21).

Berger, M. J., George, D. L., LeVeque, R. J., & Mandli, K. T.

(2011). The GeoClaw software for depth-averaged flows with

adaptive refinement. Advances in Water Resources, 34(9),

1195–1206. https://doi.org/10.1016/j.advwatres.2011.02.016.

Camus, G., Gourgaud, A., & Vincent, P. (1987). Petrologic evo-

lution of Krakatau (Indonesia): Implications for a future activity.

Journal of Volcanology and Geothermal Research, 33(4),

299–316. https://doi.org/10.1016/0377-0273(87)90020-5.

Figure 16
Landslide evolution for various spatial grid resolutions in a transect

15 s and 60 s after failure. The transect is shown in Fig. 2

T. Zengaffinen et al. Pure Appl. Geophys.

64



Camus, G., & Vincent, P. M. (1983). Discussion of a new

hypothesis for the Krakatau volcanic eruption in 1883. Journal of

Volcanology and Geothermal Research, 19, 167–173. https://doi.

org/10.1016/0377-0273(83)90130-0.

De Blasio, F. V., Elverhøi, A., Issler, D., Harbitz, C. B., Bryn, P., &

Lien, R. (2005). On the dynamics of subaqueous clay rich gravity

mass flows—the giant Storegga slide, Norway. In Ormen Lange

– an Integrated Study for Safe Field Development in the Storegga

Submarine Area (pp. 179–186). Elsevier. https://doi.org/10.1016/

B978-0-08-044694-3.50019-6.

De Blasio, F. V., Engvik, L., Harbitz, C. B., & Elverhøi, A. (2004).

Hydroplaning and submarine debris flows. Journal of Geophys-

ical Research: Oceans, 109(C1).

Decker, R. W., & Hadikusumo, D. (1961). Results of the 1960

expedition to Krakatau. Journal of Geophysical Research,

66(10), 3497–3511. https://doi.org/10.1029/JZ066i010p03497.

Deplus, C., Bonvalot, S., Dahrin, D., Diament, M., Harjono, H., &

Dubois, J. (1995). Inner structure of the Krakatau volcanic

complex (Indonesia) from gravity and bathymetry data. Journal

of Volcanology and Geothermal Research, 64(1–2), 23–52.

https://doi.org/10.1016/0377-0273(94)00038-I.

Enet, F., & Grilli, S. T. (2007). Experimental study of tsunami

generation by three-dimensional rigid underwater landslides.

Journal of Waterway, Port, Coastal, and Ocean Engineering,

133(6), 442–454. https://doi.org/10.1061/(ASCE)0733-

950X(2007)133:6(442).

Francis, P., & Self, S. (1983). The eruption of Krakatau. Scientific

American, 249(5), 172–187. https://doi.org/10.2307/24969038.

Giachetti, T., Paris, R., Kelfoun, K., & Ontowirjo, B. (2012).

Tsunami haz665 ard related to a flank collapse of Anak Krakatau

volcano, Sunda Strait, Indonesia. Geological Society, London,

Special Publications, 361(1), 79–90. https://doi.org/10.1144/

SP361.7.

Glimsdal, S., Pedersen, G. K., Harbitz, C. B., & Løvholt, F. (2013).

Dispersion of tsunamis: Does it really matter? Natural Hazards

and Earth System Sciences, 13(6), 1507–1526. https://doi.org/10.

5194/nhess-13-1507-2013.

Gouhier, M., & Paris, R. (2019). So2 and tephra emissions during

the december 22, 2018 anak krakatau eruption. Volcanica, 2(2),

91–103. 10.30909/vol.02.02.91103.

Griffin, J., Latief, H., Kongko, W., Harig, S., Horspool, N.,

Hanung, R., et al. (2015). An evaluation of onshore digital ele-

vation models for modeling tsunami inundation zones. Frontiers

in Earth Science, 3, 32. https://doi.org/10.3389/feart.2015.00032.

Grilli, S. T., Tappin, D. R., Carey, S., Watt, S. F., Ward, S. N.,

Grilli, A. R., et al. (2019). Modelling of the tsunami from the

december 22, 2018 lateral collapse of anak krakatau volcano in

the sunda straits, indonesia. Scientific Reports, 9(1), 1–13. https://

doi.org/10.1038/s41598-019-48327-6.

Harbitz, C. B., Glimsdal, S., Bazin, S., Zamora, N., Løvholt, F.,

Bungum, H., et al. (2012). Tsunami hazard in the Caribbean:

Regional exposure derived from credible worst case scenarios.

Continental Shelf Research, 38, 1–23. https://doi.org/10.1016/j.

csr.2012.02.006.

Harbitz, C. B., Glimsdal, S., Løvholt, F., Kveldsvik, V., Pedersen,

G. K., & Jensen, A. (2014). Rockslide tsunamis in complex

fjords: From an unstable rock slope at Åkerneset to tsunami risk
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Abstract

Submarine landslides are important sources for tsunamis with potential destructive conse-
quences. Tsunami hazard has been estimated using deterministic modelling, however, newer
studies approached the problem in a probabilistic framework. This study serves as a baseline
for probabilistic tsunami hazard analysis (PTHA) using an example from the Gulf of Cadiz.
We use statistical parameter ranges from a submarine landslide database from the Gulf of
Cadiz for the landslide source geometry, and calibrate geotechnical model parameter uncer-
tainty ranges towards the run-out distances and ratios of this database. The depth-averaged
viscoplastic numerical landslide model BingClaw is applied. Coupling the landslide motion
to tsunami genesis sheds light on potential uncertainties in the tsunami metrics. Important
parameters that can explain the large tsunami uncertainties are the water depth of the initial
landslide centre, the landslide volume, and the initial yield strength of the landslide material.
Kinematic properties such as the initial landslide acceleration or the Froude number are found
to strongly correlate with tsunami genesis. With this study, we show how fitting the range of
landslide run-out explains parts of the uncertainty in tsunami heights, which can be an input
to a future PTHA.
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List of parameter symbols

A Area of the base ellipse of the initial landslide shape perpendicular to the ξ-axis

A′ Cross-sectional area of the landslide mass

a Radius in the x-direction of the base ellipse of the initial landslide shape in the
x-y-ξ-coordinate system

aa Power-law exponent for the landslide mean volume versus cumulative number of
events relationship

a/b Landslide source area width to length ratio in the text body

a/b Landslide source area width to length ratio in the figures and figure captions

a Landslide acceleration

a0 Initial landslide acceleration by Løvholt et al. (2005), Haugen et al. (2005), and
Harbitz et al. (2006)

amean0 Initial mean landslide acceleration

b Radius in the y-direction of the base ellipse of the initial landslide shape in the
x-y-ξ-coordinate system

CF Hydrodynamic friction drag coefficient

Cm Added-mass coefficient

CP Hydrodynamic pressure drag coefficient

c0 Hydrodynamic wave speed

D Initial maximum landslide reference thickness

D′ Actual initial maximum landslide thickness

dF Thickness factor

F Factor of safety in terms of total stress

Frmeanpeak Froude number based on the peak mean landslide velocity

f Soil sensitivity

GM Geometric mean
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GSD Geometric standard deviation

g Gravitational acceleration

g′ Reduced gravitational acceleration

H Initial landslide centre water depth

H ′ Landslide drop height

H ′/L Landslide run-out ratio

hmax Maximum water depth in the computational GloBouss domain

j Investigated parameter in the probability density function

k Power-law factor for the relationship between ηc1 and geometric parameters

kmeana Power-law factor for the relationship between ηc1 , geometric parameters, and initial
mean landslide acceleration

kmeanv Power-law factor for the relationship between ηc1 , geometric parameters, and peak
mean landslide velocity

L Landslide run-out distance

l Arc length of the approximated failure surface in the cross-section

Ld Horizontal extent in the y-direction of the basin floor

M Virtual circle of the approximated circular shape to a cross-section through the
initial landslide parallel to the y-axis

Mw Earthquake magnitude

m Power-law exponent for the relationship between ηc1 and geometric parameters

mmean
a Power-law exponent for the relationship between ηc1 , geometric parameters, and

initial mean landslide acceleration

mmean
v Power-law exponent for the relationship between ηc1 , geometric parameters, and

peak mean landslide velocity

N Number of landslide event in the database larger than a minimum landslide size

n Herschel-Bulkley flow exponent

P Probability density function
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q Horizontal distance between M and the landslide’s intial mid position on the slope

R Correlation coefficient for the linear regression analysis

R′ Radius from M to the approximated circular failure surface in the cross-section

StdErr Least-squares standard error for the linear regression analysis

V Landslide volume

Vmin Minimum landslide volume for the power law in the landslide mean volume versus
cumulative number of events relationship

v Landslide velocity

vx x-component of the landslide velocity

vy y-component of the landslide velocity

vmeanpeak Peak mean landslide velocity

X X-axis in a two-dimensional plot

x Horizontal coordinate axis

xc X-coordinate of the centre of the base ellipse of the initial landslide shape

Y Y-axis in a two-dimensional plot

y Horizontal coordinate axis

yc Y -coordinate of the centre of the base ellipse of the initial landslide shape

z Vertical coordinate axis for the initial landslide shape

α Power-law factor for the landslide source area versus landslide source volume rela-
tionship

Γ Remoulding rate

γ Accumulated shear deformation in the landslide material

γ̇r Reference strain rate of the landslide material

δ Power-law exponent for the landslide source area versus landslide source volume
relationship
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ζ Vertical distance from the deepest initial landslide location to the basin floor

ηc Maximum sea surface elevation

ηc2 Maximum sea surface elevation at gauge 2

θ Slope angle at the source

λl2 Leading wavelength of the sea surface at gauge 2

µ Location parameter in the probability density function

ξ Vertical coordinate axis for the bathymetric grids

ρs Landslide density

ρw Sea water density

σ Shape parameter in the probability density function

τy Yield strength of the landslide material

τyr Remoulded yield strength of the landslide material

τy0 Intial yield strength of the landslide material

73



1 Introduction

Landslides are the second most important tsunami source after earthquakes (Okal and Syno-
lakis, 2008), and can cause fatalities and significant destructive damage (Harbitz et al., 2014).
Well known examples include, for instance, the 1958 Lituya Bay (Fritz et al., 2004), the 1992
Flores Island (Yeh et al., 1993), the 1979 Lembata Island (Yudhicara et al., 2015), the 2014
Lake Askja (Gylfadóttir et al., 2017), the 2017 Karrat Fjord (Paris et al., 2019), and the
recent 2018 Anak Krakatoa event (Grilli et al., 2019; Zengaffinen et al., 2020b). A subset of
such destructive landslide sources are submarine landslides such as the 8150-year BP Storegga
(Bondevik et al., 2005; Kim et al., 2019), the 1929 Grand Banks (Heezen and Ewing, 1952;
Piper et al., 1999; Løvholt et al., 2018; Schulten et al., 2019; Zengaffinen et al., 2020a), and the
1998 Papua New Guinea event (Synolakis et al., 2002; Tappin et al., 2008). Further examples
can be found in the review of Harbitz et al. (2014).

Historical events help understanding the dynamics of submarine landslide tsunamis, and val-
idate numerical models towards landslide run-out or tsunami metrics observations. In this
study, we present a submarine landslide database including a total of 471 events in the Gulf
of Cadiz that we use to constrain the run-out and reduce the epistemic uncertainties related
to landslide model parameters. These calibrated models can then be used for prognostic sce-
narios, for instance, to produce local hazard maps. Previously, prognostic landslide tsunami
modelling has been carried out in a deterministic framework, which involves evaluating the
hazard based on a worst-case scenario. The disadvantage of this framework is that these large
destructive events are rare, and do not include the hazard of more regularly occurring mod-
erate events nor covering uncertainties. Depending on the rate of occurrence of these large
events, the hazard might actually be dominated by the frequent moderate events, instead of
the large ones. Probabilistic tsunami hazard analysis (PTHA) estimates the probability of
a tsunami metric exceeding a given value, which is performed at a given location within a
given time interval (Geist and Parsons, 2006; Grezio et al., 2012; Sørensen et al., 2012; Geist
and Lynett, 2014; Lane et al., 2016; Grezio et al., 2020; Miyashita et al., 2020; Løvholt et al.,
2020).

Incorporating aleatory and epistemic uncertainties are key issues for a full and reliable PTHA.
Aleatory uncertainty is due to the random nature of the variability of the source parameters.
Epistemic uncertainty, on the other hand, is the incomplete knowledge of source parameters
(Selva et al., 2016). Epistemic uncertainty is reduced when more information becomes avail-
able. Uncertain parameter values and the related probabilities need to be determined from
statistical distributions, but they are often estimated from subjective expert judgement, thus
introducing epistemic uncertainty (Harbitz et al., 2018; Grezio et al., 2010; Løvholt et al.,
2020). Numerous studies tackle PTHA from earthquake sources (see e.g. the review of Grezio
et al. (2017)), however, PTHA for submarine landslide sources is still in its early phase of
development. Because landslide sources are significantly more complex and diverse than the
earthquake sources (Løvholt et al., 2015), care should be put in order to constrain epistemic
uncertainties in the PTHA.

This paper aims to set a basis for a submarine landslide-based PTHA using an example of
the Gulf of Cadiz (Urgeles and Camerlenghi, 2013) by
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1. fitting simulation results to mapped landslide data in order to quantify epistemic un-
certainties of geometric and geotechnical parameters. These parameters are based on
the drop height to run-out distance ratio of submarine landslides in the database from
the Gulf of Cadiz. Multiple landslide parameter configurations may fit the data, thus a
large uncertainty in the tsunami genesis will be covered;

2. investigating tsunami sensitivity to different geotechnical and geometric landslide config-
urations. This will lead to parametric relationships between these landslide properties,
resulting kinematic parameters, and maximum tsunami height.

The outcome of this study is the foundation for PTHA in the presence of an extensive landslide
database, particularly in the Gulf of Cadiz.

In section 2 we explain the geological setting in the Gulf of Cadiz. Section 3 presents the
compilation of the landslide database from mapped submarine landslide data that builds a
database containing, among other information, the run-out distances and drop heights (Section
3.1), the numerical landslide and tsunami models we use in this study (Section 3.2), and
the model setup (Section 3.3). Section 4 shows important information from the submarine
landslide database that we need as input for our landslide-tsunami simulations (Section 4.2),
then how we calibrate geotechnical parameters using the geometric input from the database
towards statistical drop height–run-out distance ratio distribution (Section 4.3), and finally,
Section 4.4 presents the uncertainty in the tsunami genesis based on the wide ranges of model
input parameters. Section 5 summarises key findings of this study.

2 Geological setting

The Gulf of Cadiz is located in the SW Iberian Margin (SW of Spain and Portugal). Its
seismicity is characterized by continuous shallow to deep earthquakes of low to moderate
magnitude of Mw < 5.5 (Buforn et al., 1995, 2004; Stich et al., 2005, 2007, 2010). At longer
time intervals, this region is also the source of the largest and most destructive earthquakes
that have affected Western Europe such as in AD 1531, 1722, 1755, and 1969 (Fukao, 1973) (see
Fig. 1). The 1755 Lisbon Earthquake, estimated Mw > 8.5, destroyed Lisbon with an intensity
of X-XI MSK and was accompanied by tsunamis that devastated the SW Iberian and NW
African coasts (Baptista et al., 1998; Baptista and Miranda, 2009). On the basis of geological
evidence, geophysical data and tsunami modeling (e.g. Gutscher et al. (2002), Gracia et al.
(2003b), Zitellini et al. (2004, 2009)), different geodynamic models, and mechanisms have been
proposed for the source of the Lisbon Earthquake (Gutscher et al., 2002; Gracia et al., 2003b;
Zitellini et al., 2004, 2009; Stich et al., 2007; Terrinha et al., 2009).

Active structures in the Gulf of Cadiz correspond to the NE-SW trending west-verging folds
and thrusts of the Marques de Pombal Fault, Horseshoe Fault and Coral Patch Ridge Fault,
which are located at the external part of the Gulf (Gracia et al., 2003b; Zitellini et al.,
2004; Terrinha et al., 2009). In addition to theses structures, long WNW-ESE dextral strike-
slip faults, referred as SWIM Lineations, have recently been identified (Zitellini et al., 2009;
Terrinha et al., 2009; Bartolome et al., 2012). The main active structures are:
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(a) The Marques de Pombal Fault (MPF) that is a 50 km long west verging monocline thrust
cutting through the Plio-Quaternary sequence. This fault and associated landslide have
been suggested as a potential source of the 1755 Lisbon earthquake (e.g., Gracia et al.
(2003a), Zitellini et al. (2004), Vizcaino et al. (2006));

(b) The Horseshoe Abyssal Thrust (HAT), a 30◦ dipping thrust separating exhumed man-
tle, that may sink below the oceanic crust (Mart́ınez-Loriente et al., 2014) and is now
considered as the most plausible source of the 1755 Lisbon Earthquake. The HAT has
been identified from wide angle seismics modelling (Mart́ınez-Loriente et al., 2014) and
suggests the onset of subduction at the external part of the Gulf of Cadiz. Deployment
of an Ocean Bottom Seismographs (OBS) network during a year at the external part of
the Gulf of Cadiz, shows that earthquakes in the Horseshoe Abyssal Plain are generated
in the upper mantle at depths between 40 and 60 km (Stich et al., 2010; Geissler et al.,
2010);

(c) The deep segment of the Lineament South that is a seismogenic WNW-ESE trending
3 to 6 km wide dextral strike-slip fault (Bartolome et al., 2012). The fault trace is
associated with deep-water (> 4 km) mud volcanoes, evidence of rising deep fluids, and
formation of gas hydrates along the fault (Hensen et al., 2015).

Submarine landslides are also ubiquitous in the Gulf of Cadiz (Urgeles and Camerlenghi,
2013). Some of the largest landslides in the database include the North Gorringe Bank debris
avalanche, which released a volume of 80 km3 (Lo Iacono et al., 2012) and the South Hirondelle
Slide with 500 km3 (Omira et al., 2016). Numerical tsunami simulations indicate that both
landslides are potentially tsunamigenic, causing a tsunami with surface elevations of 7 m at
some locations along the NE Atlantic coasts (Omira et al., 2016) and up to 20 m in Sines in
Portugal (Lo Iacono et al., 2012), respectively. Submarine landslides, such as the Marques
de Pombal slide and the North Gorringe debris avalanche (Vizcaino et al., 2006; Lo Iacono
et al., 2012), are often associated with active faults and likely to be seismically triggered.
The recurrence rate of great magnitude (Mw > 8) Holocene events has been investigated in
the Gulf of Cadiz using ”turbidite paleoseismology” on the basis of widespread synchronous
turbidite deposits in the Tagus and Horseshoe Abyssal Plains (Garcia-Orellana et al., 2006;
Gracia et al., 2010). These deposits have been correlated to tsunami deposits on-land (Lario
et al., 2010) yielding a regional recurrence interval of Mw > 8 earthquakes of about 1800-2000
yrs (Gracia et al., 2010).

3 Methods

3.1 Landslide database compilation

The submarine landslide database is used to constrain input parameters in landslide mod-
elling, which helps to limit epistemic uncertainties related to geotechnical parameters. The
database currently contains 471 events that have been mapped using geomorphological criteria
on multibeam bathymetric data, and seismic/acoustic facies in sub-bottom and Multi-Channel
Seismic (MCS) profiles. The data is supplemented with information digitized/obtained from
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Fig. 1. Shaded relief map of the Gulf of Cadiz with depth contours annotated every 500 m display-
ing the submarine landslides inventory of the Gulf of Cadiz (Dark red colour line shows the landslide
scars, red polygons show source areas, yellow polygons show deposits and orange colour indicates over-
lap between source area and deposits). Also shown on the map are the major tectonic features of the
Gulf of Cadiz separated according to their activity (purple: active; black: inactive). Thrust/reverse
faults are shown by lines with triangles located on the hanging-wall side of the fault. Normal faults
are shown by lines with hemicircles. Strike-slip faults and other tectonic lineaments are shown by
simple lines.

the scientific literature. This database represents a significant step forward with respect to
previous submarine landslide databases for the area, which were based exclusively on published
information (see Urgeles and Camerlenghi (2013) and references cited therein). The number
of events mapped by Urgeles and Camerlenghi (2013) for the Gulf of Cadiz was 77.

The swath-bathymetric data used in this study is a compilation of measurements acquired
using different multibeam echosounder systems during a total of 20 marine cruises that were
carried out between 2001 and 2009 and known as the SWIM compilation (Zitellini et al.,
2009). The SWIM bathymetric grid has a node spacing of 100 m.

MCS and sub-bottom profiler data used for this study were acquired with different config-
urations during multiple marine surveys: (1) the ARRIFANO survey with the R/V OGS
EXPLORA in 1992 (acquisition data and processing parameters reported by Zitellini et al.
(1999, 2009); (2) the IAM cruise in 1993 aboard M/VGeco Sigma (Banda et al., 1995); (3) the
BIGSETS survey carried out in 1998 onboard the R/V URANIA (Zitellini et al., 2001, 2004);
(4) the PD00 survey acquired by TGS-NOPEC in 2000 (Llave et al., 2011; Brackenridge et al.,
2013); (5) the 2001 SISMAR cruise onboard the R/V Le Nadir (Gutscher et al., 2002); (6) the
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2002 VOLTAIRE survey onboard the R/V URANIA (Terrinha et al., 2009); (7) the SWIM
2006 cruise onboard the R/V Hesperides (Bartolome et al., 2012); and (8) the INISIGHT Leg
1 (2018) and Leg 2 (2019) cruises, carried out with the R/V Sarmiento de Gamboa (Ford
et al., 2020). Interpretation of the network of MCS profiles has been carried out using the
”IHS Kingdom Suite” seismic interpretation software. Time-to-depth conversion is used to
determine the thickness of deposits and assumes a constant water velocity and a linear velocity
gradient with depth below the seafloor calibrated with IODP Expedition 339 borehole sonic
data (Stow et al., 2013). The water velocity was set to 1514 m s−1 and the sediment velocity
gradient was 491 m s−2 (see also Mencaroni et al. (2020)).

3.2 Numerical models

3.2.1 Landslide model

The numerical landslide model BingClaw is used to simulate the submarine landslides. Bing-
Claw incorporates viscoplastic Herschel-Bulkley rheology for the landslide motion in two hori-
zontal dimensions in a depth-averaged two-layer formulation (Løvholt et al., 2017; Kim et al.,
2019). Hydrodynamic resistance forces such as pressure and frictional drag and added mass are
applied, too, which contribute to keeping velocity and acceleration realistic. Corresponding
coefficient to these forces are CP , CF , and Cm.

The model enables remoulding of the entire landslide mass, which imitates soil-softening
behaviour due to water intake with increasing shear deformation. This physical process allows
large landslides to travel the extremely large distances that are observed in the field (De Blasio
et al., 2005) and in the laboratory (Ilstad et al., 2004; Elverhoi et al., 2010). The yield strength
of the landslide mass follows a heuristic formulation (De Blasio et al., 2005)

τy(γ) = τyr + (τy0 − τyr)e−Γγ (1)

where τyr is the residual yield strength, τy0 the initial yield strength, Γ the remoulding rate,
and γ the accumulated shear deformation.

3.2.2 Tsunami model

The depth-averaged long-wave model GloBouss simulates the propagating sea surface waves
generated by the landslides over varying bathymetry (Løvholt et al., 2008, 2010; Pedersen
and Løvholt, 2008). We employ the dispersive equations as dispersion becomes important
for relatively short waves. GloBouss is used in the linearised mode as non-linearities play
a negligible role in this study. The primary source for the tsunami genesis is the volume
displacement of the landslide. These sources are run through the low-pass Kajiura filter
that conveys vertical seabed displacements to vertical sea surface displacements based on full
potential wave theory (Kajiura, 1963; Løvholt et al., 2015).
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Fig. 2. Principle sketch (a) side view with the geometric parameters used in this study and (b) top
view of the model grid extents. The landslide volume V is shown prior to failure and after motion at
rest in orange colour. The investigated parameter ranges of the shown quantities are listed in Table
4.

3.3 Model setup

3.3.1 Submarine landslide geometric parameters

We choose an idealised bathymetry rather than the real bathymetry in the Gulf of Cadiz in
order to study pure effects of geotechnical and geometric landslide parameters on the landslide
run-out and tsunami genesis. We employ an x-y-z-coordinate system according to Figure 2.
The idealised bathymetry consists of a constantly inclined slope with slope angle θ and with
its shallowest point at a water depth of 100 m. At this shallow depth, the bathymetry is
continuously flat for 60 km in the positive y-direction representing the continental shelf. This
is a common distance for the continental shelf from the slope to the shoreline in the Gulf
of Cadiz. Down-slope there is a flat basin floor whose water depth depends on the vertical
distance ζ from the lower end of the initial landslide mass to the basin floor.

The initial viscoplastic material is shaped as an elliptical paraboloid that is defined as

ξ =
(x− xc)2

a2
+

(y − yc)2

b2
(2)

where x, y and ξ build a separate orthogonal coordinate system to that defined in Figure 2
for the simplified geometric setup. x and y have the same orientation and origin as defined
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Table 2. Explanation of the applied coordinate system for the constructed
initial landslide body

Axis Orientation Origin

x horizontally parallel to a Mid point of the base ellipse

y horizontally parallel to b Mid point of the base ellipse

ξ vertically upwards Base ellipse of the initial
landslide shape

in Figure 2, but the ξ-axis’ orientation is opposite to that of the z-axis and has a different
origin (see Tables 2 and 3). The two systems are different, because we construct the initial
landslide body independent of the landslide and tsunami bathymetries. The coordinates xc
and yc define the centre of the ellipses perpendicular to the ξ-axis. The area of any ellipse
perpendicular to the vertical ξ-axis reads

A(ξ) = πab (1− ξ

D
) (3)

where a is the radius of the base ellipse in the x-direction, and b the radius of the base ellipse in
the y-direction. The base ellipse is at ξ = 0 whose area reads A(0) = πab. D is the maximum
thickness of the elliptical paraboloid, hence, also the maximum initial landslide thickness. The
volume of the elliptical paraboloid is the integral over all horizontal ellipses at each height ξ,
reaching from zero to D:

V =

D∫

0

A(ξ) dξ = π a b
(
ξ − ξ2

2D

)∣∣∣
D

0
=

1

2
π a bD =

1

2
A(0)D. (4)

In order to systematically vary the initial maximum landslide thickness D and keeping the
volume constant, we introduce a thickness factor dF . The actual thickness is then D = dF D

′

for our constructed initial landslide shape, where D′ is the reference thickness based on the
landslide database (see below). Equation 4 for the landslide volume transforms then into

V =
1

2
A(0) dF D

′, (5)

which enables us to model different landslide configuration realisations spanning from deep-
seated to thinly-shaped landslides.

This landslide volume is subtracted from the bathymetry at a desired location on the constantly-
inclined slope to construct the initial failure plane for individual synthetic submarine landslide
scenarios. The viscoplastic material then fills this excavated volume such that its upper sur-
face is continuous with the surrounding slope. We define the water depth of the landslide’s
initial mid position on the slope as H.
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Table 3. Explanation of the applied coordinate system for the bathymetric
grids

Axis Orientation Origin

x horizontally perpendicular
to y

Mid point of the initial
landslide surface

y horizontally in down-slope
direction

Mid point of the initial
landslide surface

z vertically downwards Initial sea surface

There are two wave-gauges that are used to extract sea surface elevation time series from
landward travelling waves for further analyses. Gauge 1 is located above the highest initial
landslide cell and was used for preliminary results. Gauge 2 is located at a water depth
of 100 m at the minimum distance from the initial landslide location and is used to extract
simulation results presented in this study. Simulated scenarios with scaled maximum sea
surface elevation |ηc/hmax| < 10−5 are extracted from the analysis, because of the rounding
to six decimal digits of GloBouss. These two gauges have a different distance between each
other depending on the landslide location and source configuration (see Fig. 2).

4 Results

4.1 Bathymetric grids and applied resolutions

The resolution of the bathymetric grids is tested to evaluate relative errors of the solutions
between different spatial grid resolutions. The dynamic bathymetric grid for the landslide
simulations covers an extent that is relative to the initial landslide area (see Fig. 2). The
matrix extends five times the length of the radius of the base ellipse (5b) in y-direction from
the initial mass centre up-slope, and five times the length of the radius (5a) in each x-direction
from the centre across the slope (see Table 3). The extent of the y-length of the basin floor
is constructed such that the landslide does not flow out of the bathymetric grid. The grids
are constructed in a 100 m resolution in both x- and y-directions. Based on grid refinement
tests and their effect on the run-out distance, a grid resolution of 55 m for the landslide model
causes a run-out distance error of 5% relative to a resolution of 28.5 m. The error of the
maximum sea surface elevation at the gauge 2 using a spatial landslide resolution of 55 m is
3% relative to the finest applied spatial resolution of the landslide model. Thus we apply a
spatial grid resolution of 55 m for the landslide simulations. These simulations are stable when
using a Courant-Friedrichs-Lewy (CFL) number of 0.55. In BingClaw we apply non-reflecting
outflow boundaries to the computational grid.

The bathymetric grid used for the tsunami genesis simulations extends 10a in each x-direction
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Fig. 3. Contour plots of vertical sea surface displacements induced by the submarine landslide shown
in Figures 15 and 16 initiated at H = 3000 m (a) 90s, (b) 210 s, (c) 300 s, (d) 510 s after failure
initiation.

from the initial landslide mass centre, 10b in y-direction from the initial mass centre up-slope,
and the extent of the basin floor has the same length as in the bathymetric grid for the
landslide motion. This bathymetric grid is far enough to make sure that the vertical sea
surface displacements calculated by the Kajiura filter do not exceed the grid extent (see
Fig. 3). A spatial resolution of 200 m for the vertical sea surface displacements causes an
error of 3.5% relative to the resolution of 100 m in the maximum elevation at gauge 2. We
apply a 200 m-resolution for the vertical sea surface displacements. A landslide updating time
interval for the tsunami model of 30 s implies a relative error of 1% of the maximum sea
surface elevation relative to the elevation with a time interval of 8 s. A time interval of 30 s is
therefore considered fine enough.

For the tsunami propagation simulations, we apply a sponge layer that has a length of a at
all grid boundaries to relax the sea surface elevation. Nevertheless, three different compu-
tational grid extents in x- and y-direction are used to investigate the influence of artificial
wave reflections on the maximum sea surface elevations at gauge 2. Figures 4 and 5 show
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these three different bathymetric grid extents including the travelling waves. The grid in x-
direction extends 10a, 20a, and 30a, and the basin floor in y-direction extends Ld = 28 km,
35 km, and 44 km, respectively. The error in maximum sea surface elevation by using the
smallest grid extent is 17% relative to the largest grid extent, and by using the middle size
grid extent, the error is 4% relative to the widest grid extent (see Fig. 6). An error of 4%
is not completely negligible, but it is a reasonable compromise. A computational grid extent
of 20a in x-direction, and a length for the basin floor Ld = 35 km is therefore considered as
wide enough. The length of the continental shelf in y-direction 60 km and does not affect
the tsunami propagation as we stop the simulations when the maximum sea surface elevation
reaches the end of the continental shelf. The bathymetry and maximum sea surface elevation
for this example are shown in Figure 7a,b.

The computational grid for the tsunami propagation is constructed in a 100 m resolution in
both x- and y-directions. According to grid refinement tests on the maximum sea surface
elevations at gauge 2, and for landslide volumes smaller than 1 km3, a spatial resolution of
25 m shows a relative error in the maximum sea surface elevation of nearly 2% compared to a
resolution of 50 m. Considering this a sufficiently small error, we apply a spatial resolution of
25 m for landslide volumes smaller than 1 km3. A resolution of 50 m is sufficient for landslides
from 1 km3 to 25 km3 since the relative error compared to the 25 m-resolution is only 2%, and
a 100 m-resolution shows a deviation of 2% in maximum sea surface elevation for the largest
landslides with V = 125 km3 relative to the 50 m-resolution. Thus we apply a resolution of
100 m for the largest landslide volumes. Usage of different spatial resolutions for different
landslide volumes has the purpose of reducing the number of computational cells for larger
landslides, and therefore decreases tsunami simulation times. Tsunami simulations for the
linear dispersive equations are stable with a CFL number of 1.0.

4.2 Landslide characteristics in the Gulf of Cadiz

From the 471 events in the landslide database, 193 contain information on both deposit and
source area, 182 contain information on source area only, and 96 on deposit area only. In terms
of magnitude indicators, the database includes landslides whose source area ranges from 3·10−2

to 104 km2. The extent of the landslide source area is used (1) to determine a mean source
slope angle using zonal statistics in ArcGIS, and (2) to extract the source area width and
length. The length is measured from the deepest to shallowest cell inside the source polygon
and the width is measured perpendicular to it. (3) The source volume, ranging from 3 ·10−4 to
103 km3, is calculated by multiplying the source area with the mean headscarp height, which
is measured from bathymetric and/or seismic data. If the mean headscarp height cannot
be properly determined, e.g., buried landslides with limited seismic data coverage, then the
source volume is calculated based on a source volume–area power-law relationship. According
to Figure 8a, the power-law exponent is δ = 1.36, which implies that the thickness grows with
the source area affected. With regard to the sediment pile that is involved by these landslide
events, its thickness may range from a few meters to slightly more than 1 km, but only a few
landslides involve sedimentary sequences of more than 200 m (see Fig. 8a).

The deposit volume is calculated by multiplying the deposit area with the mean deposit
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Fig. 4. Contour plots of spreading waves induced by the submarine landslide shown in Figures 15
and 16 initiated at H = 3000 m (a) 90s, (b) 210 s, (c) 300 s, (d) 510 s, (e) 600 s, and (f) 1800 s after
failure initiation. We use the transect in panel e to extract results on the landslide-tsunami evolution
in Figure 29, and the upper white dot (gauge 2) for further analyses below.
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Fig. 5. Contour plots of spreading waves induced by the submarine landslide shown in Figures
15 and 16 initiated at H = 3000 m (a, c) 600 s and (b, d) 1800 s after landslide initiation. The
bathymetric grid extent is (a, b) shortened and (c, d) extended in order to evaluate the effect of
artificial wave reflections from the boundaries. We use the upper white dot (gauge 2) for further
analyses below.
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Fig. 6. Time series of the sea surface elevations at gauge 2 for various computational grid extents.
The label 10 refers to the smallest grid, 20 to the used grid in this study, and 30 to the widest grid
extent (see text for details). The tsunami source is the landslide shown in Figure 16 initiated at
H = 3000 m.

a
b

Fig. 7. (a) Bathymetry with intial landslide mass and (b) the maximum sea surface elevations for
the landslide example shown in Figures 15 and 16 initiated at H = 3000 m and for the spreading
waves shown in Figure 4. We use the upper white dot (gauge 2) for further analyses below.
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Fig. 8. (a) Landslide source volume versus source area graph for submarine landslides in the
Gulf of Cadiz. Values for α and δ for a fitted power law are 0.215495 m and 1.356321, respectively.
The dashed parallel lines highlight theoretical area-volume relationships for landslides with constant
mean source are thicknesses. (b) A cumulative-volume distribution with a power-law behaviour for
landslides larger than the estimated rollover Vmin = 0.874 km3 by poweRlaw in R-statistics. The
power-law exponent is aa = −0.80577, N = 168 is the number of events larger than Vmin, and n is
the cumulative number of events.
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thickness. This thickness is either estimated from (1) seismic/subbottom profiler data, (2)
elevation profiles across the width of the deposit or (3), if only the deposit area is available, but
not the mean deposit height, e.g., for some bibliographic data, then the volume is calculated
based on the deposit volume-area power law (not shown here). A power-law fit between source
volume and deposit volume results in an exponent with value 1.0931 where the value 1 indicates
the equal source and deposit volume. As the landslide volume estimates from the source are
similar to the ones from the deposit, we use the information from both the source and deposit
volume for further analyses on the run-out ratio. If both source and deposit volumes are
available for a specific landslide, we take the mean value. If either the source volume or the
deposit volume is available, we take the volume that is available. Figure 8b shows a cumulative-
volume distribution based on the mean volume for all mapped landslides in the Gulf of Cadiz.
A power law can be fitted to the landslide volumes larger than Vmin = 0.874 km3. This
minimum volume included in the fitted power law is estimated by the poweRlaw package in
R (Clauset et al., 2009). We infer that the power law can actually be extended in the entire
range of landslides smaller than the minimum volume fitted. However, there is likely a lack
of mapped smaller events (Urgeles and Camerlenghi, 2013).

Landslides in the Gulf of Cadiz are found in almost all water depths from 150 m to nearly
5000 m (mwd). Most landslides originate, however, from the 800 m to 2200 m mwd depth
range. They occur on slopes ranging from almost zero to θ = 21.9◦ following a lognormal
distribution (see Fig. 9a). The probability density function for a lognormal distribution is
given by

P (j) =
1

σ
√

2πj
e−

(ln j−µ)2
2σ2 (6)

where j is the investigated parameter, here θ, µ a location parameter and σ a shape parameter
with GM = eµ the geometric mean, equal to the median in the lognormal distribution, and
GSD = eσ the geometric standard deviation. A majority of the landslides occur in the slope
range from GM/GSD = 3.02◦ to GM ·GSD = 11.77◦ with GM = 5.96◦. It should be noted
that the range of slopes from 3.02◦ to 7◦ is the most abundant in the area and that slopes
higher than 7◦ are restricted to limited areas such as canyon and diapir flanks as well as fault
scarps.

When it comes to the magnitude distribution of submarine landslides with respect to slope
angles, we find that not all slopes can host all landslides. A cut-off function, log10 V =
3.7− 0.14 · θ, where the landslide volume V is in km3 and the slope angle θ in radian, defines
the largest volume that a slope of specific gradient can host (see Fig. 10). Such a relationship,
indicating that gentler slopes can host landslides of any size and steeper slopes can only host
small landslides, results from the fact that steeper slopes are in general intricate, with the
presence of numerous gullies, and therefore compartmentalize stratal surfaces and potential
weak layers.

We characterise the landslide source area shape using the width to length ratios, with the
length referred to the down-slope axis of the landslide. We find no preferential orientation in
landslide source areas indicating equally occurring down-slope and along-slope oriented source
areas. Nevertheless, the width to length ratio ranges in between 1:12 and 15:1 following a
lognormal distribution. Most landslides concentrate between GM/GSD = 0.47 and GM ·
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Fig. 9. (a) Distribution of mean slope angles θ at the source of submarine landslides in the Gulf
of Cadiz and (b) source area width to length ratios from the landslide database. Both follow a
lognormal distribution. The applied parameter ranges for the sensitivity analysis are derived from
these statistics.

Fig. 10. Mapped submarine landslide volumes from the database versus slope angle at the source
together with simulation setup. The cut-off function, log10 V = 3.7−0.14 ·θ, indicates that landslides
above this line, meaning large landslides on steep slopes, are not observed. Nearly all simulated
landslides investigated are below this line.
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GSD = 2.33 with GM = 1.04.

The run-out ratio H ′/L, which is the tangent of the angle of the line connecting the highest
point of the landslide scarp to the distal margin of the displaced mass, has been considered as a
measure of the relative mobility of a landslide (see Hungr et al. (2005) and references therein).
The field for submarine landslides by De Blasio et al. (2006) in e.g. Figure 11a represents their
extent in the H ′/L-V space for submarine landslides. This field shows a decreasing run-out
ratio with increasing volume. According to e.g. Figure 11a, we find considerable scatter in the
H ′/L ratio for all volume sizes in the Gulf of Cadiz by not considering the slope angle at the
source. It only shows a marginal trend displaying a relative run-out increase, hence decreasing
run-out ratio, with increasing landslide volume. However, we find a strong dependency of the
run-out ratio with the slope angle at the source of the landslide. Figure 11a indicates that
the run-out ratio displays a consistent decrease with increasing volume within a specific slope
angle at the source.

Previous studies suggest that submarine landslides have an order of magnitude lower run-out
ratios than their subaerial counterparts of similar volumes (Hampton et al., 2002; Locat and
Lee, 2002; De Blasio et al., 2006). It is possible that the initial slopes from which the field
of subaerial and submarine landslides were originally defined included subaerial landslides
on relatively steep slopes landslides and submarine landslides on gentle slopes. This is in
agreement with the slope gradients where landslides are typically found in these environments.
We find submarine landslides that typically fall in the field previously defined for submarine
events, but many of the submarine landslides in the Gulf of Cadiz are also present in the field
that was previously designated for subaerial events, thus above the field drawn by De Blasio
et al. (2006). The main reason for this might be the fact that our database includes relatively
small submarine landslides in steep canyon walls and fault scarps (see Section 4.2), unlike
their database.

From these results in Figure 11a, we postulate that there is no actual separation in between
subaerial and submarine landslides in the H ′/L ratio versus landslide volume plot. Neverthe-
less, we remark that submarine landslides can have extremely large run-out distances on low
slope angles, which does not occur on subaerial landslides due to different physical properties.
An additional lesson from this plot is that landslides in the steepest terrain are those pro-
ducing the largest run-out ratios (H ′/L) and therefore lower relative run-out distance, which
links the initial static angle of resistance or shear strength to the rheology of the landslide
mass.

4.3 Landslide simulation results

4.3.1 Geometric model parameter ranges

Based on the available bathymetric data from the landslide database, we investigate slope
angles between 3.02◦ and 11.77◦ to cover the range of slopes in which most landslides take
place in the Gulf of Cadiz (see Table 4 and Fig. 9b). All landslide volumes addressed in the
numerical simulations have occurred historically within the range spanned by the three slopes
investigated (see Fig. 10). We investigate source width to length ratios a/b = 0.47, 1.04, 2.33,
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Fig. 11. Sensitivity to thickness factor dF . (a) Run-out ratio, (b) run-out distance, and (c) peak
mean landslide velocity are displayed versus landslide volume. Landslide parameters are ζ = 0 m,
θ = 5.96◦, a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr , Γ = 0.005, CF = 0.01,
CP = 1.0, and Cm = 0.1. The range of dF covers the run-out distance data from the Gulf of Cadiz
best. The field marked with dasehd line in panel a represents the extent for submarine landslides
from De Blasio et al. (2006). The slope angle at the source, θ, is colour-coded in the database from
the Gulf of Cadiz.
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Fig. 12. Initial landslide shapes for V = 25 km3 for two different thickness factors dF . The base
ellipse, here a circle with a/b = 1, changes according to the maximum initial landslide thickness D.
Note the vertical exaggeration.

whose range covers most of the landslides observed in the database (see Fig. 9a). We vary the
landslide volume from 0.04 km3 to 125 km3, where the largest volume corresponds to one of the
largest landslides in the database. The values for ζ are set to 0, 750 m, and 1500 m to study
the influence of the flow path on the landslide run-out ratio and sea surface elevation.

The fitted power law in Figure 8a relates the landslide volume to the landslide area through
a reference thickness D′. The scatter around this power law implies that the thickness D can
be half an order of magnitude smaller or larger than the reference thickness D′ for a given
volume. Therefore, we apply, dF = 10−0.5 = 0.316, 1.0, 100.5 = 3.16. Figure 12 illustrates the
initial landslide volumes for dF = 1.0 and dF = 3.16 in the x-y-ξ coordinate system. These
landslides differ in the initial maximum landslide thickness D, initial failure surface area A(0),
and in the curvature of the landslide failure plane.

The failure is set to originate at various water depths H = 1000 m, 2000 m, 3000 m. If the
initial setup of the landslide allows materials to cut the continental shelf (see Fig. 2), then
this parameter constellation is removed from the selection. There are no landslides shallower
than this depth in the database. The water depth plays a role when coupling the landslide
motion to tsunami genesis, but not for the landslide dynamics in BingClaw. Landslide results
are therefore shown on a bathymetry with a fixed basin floor water depth of 4200 m. We extract
the run-out ratio from landslide simulation results in the same way as for the landslide data
in the Gulf of Cadiz in order to compare simulations and observations (see Fig. 2).

4.3.2 BingClaw model parameter ranges

For the parametric sensitivity study, we employ the BingClaw parameters listed in Table 4. For
the computational feasibility, some of these parameters were fixed to a single value. The land-
slide density is based on borehole data from the International-Ocean-Discovery-Programme
(IODP) Site U1389 in the Gulf of Cadiz. We fit a power law to the density versus depth
and integrate the density over the sedimentary column to obtain a mean density to the mean
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Table 4. Model input parameter values

Parameter Symbol Values Unit

Herschel-Bulkley flow exponent n 0.5 -

Reference strain rate γ̇r 1000 s−1

Landslide density ρs 2000 kg m−3

Sea water density ρw 1000 kg m−3

Gravitational acceleration g 9.81 m s−2

Factor of safety F 0.05, 0.35, 0.65 -

Soil sensitivity f 2, 5, 8 -

Remoulding coefficient Γ 0.0005, 0.005, 0.05 -

Hydrodynamic friction drag coefficient CF 0.001, 0.01, 0.1 -

Hydrodynamic pressure drag coefficient CP 0.1, 1.0, 10.0 -

Added-mass coefficient Cm 0.01, 0.1, 1.0 -

Slope angle θ 3.02, 5.96, 11.77 ◦

Landslide thickness factor dF 0.316, 1.0, 3.16 -

Landslide source area width to length ratio a
b

0.47, 1.04, 2.33 -

Vertical distance from the deepest initial
ζ 0, 750, 1500 m

landslide location to the basin floor

Initial landslide centre water depth H 1000, 2000, 3000 m

Landslide volume V 0.04, 0.2, 1, 5, 25, 125* km3

* only applied for the landslide run-out fitting
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depth. It turns out that the mean density for a sediment pile of, for instance, 50 m thickness,
is ρs = 1900 kg m−3. We approximate each landslide with a mean density of 2000 kg m−3 as
we deal with thicker landslides, too, and the density fit rapidly becomes asymptotic to this
value below 50 m below the seabed. The Herschel-Bulkley flow exponent n is 0 < n < 1 for
shear-thinning materials. Zengaffinen et al. (2020a) found that tsunami genesis is not sensi-
tive to n. We employ n = 0.5. The reference strain rate γ̇r relates dynamic viscosity, yield
strength and the Herschel-Bulkley flow exponent (Kim et al., 2019). We set γ̇r = 2000 s−1

whereas Kim et al. (2019) applied γ̇r = 100 s−1. For the tsunami modelling, we use a seawater
density ρw = 1000 kg m−3.

The parameter value ranges for the hydrodynamic resistance parameters are centred around
CF = 0.01, CP = 1, and Cm = 0.1, following Kim et al. (2019). We add values that are
one order of magnitude larger and smaller to set the ranges of investigation (see Table 4),
which are extreme values. However, they can be included in the PTHA as these extreme
values may have low probabilities. We define parameter value ranges for Γ based on previous
studies on the Storegga (Løvholt et al., 2017), Grand Banks (Løvholt et al., 2018; Zengaffinen
et al., 2020a), and South China Sea (Ren et al., 2019) submarine landslide events. We use
Γ = 0.0005, 0.005, 0.05. In this study, we scale the initial yield strength τy0 based on the factor
of safety F (see below) in terms of total stress, and the residual yield strength τyr based on
τy0 and the soil sensitivity f =

τy0
τyr

.

Figure 13 illustrates the factor-of-safety calculation in terms of total stress. We consider
a cross-section through the centre of the initial landslide mass parallel to the y-axis. The
curvature of the failure surface is approximated by a circular shape, which results in a virtual
circle centre M . Then the factor of safety is:

F =
resisting momentum

driving momentum
=
R′ (τy0 l)

ρs g′A′ q
(7)

where g′ = g(1 − ρw
ρs

) is the reduced gravitational acceleration, R′ the radius from M to the
approximated circular failure surface in the cross-section, l the arc length of the approximated
failure surface, A′ the cross-sectional area of the landslide mass, and q the horizontal distance
between M and the landslide’s initial mid position on the slope. The slope angle at the source
θ is linked to q in a way that q increases with decreasing θ. Reformulating Equation 7 leads
to the initial yield stress

τy0 =
ρs g

′A′ q F

R′ l
. (8)

We analyse the following values for F , 0.05, 0.35, and 0.65 (see Table 4), which span, together
with the different geometric constellations, a relatively wide range for the intitial yield strength
(see Table 5 and Fig. 14a). The smallest initial yield strength in this study is 350 Pa for a
maximum initial landslide thickness D = 20 m, V = 0.04 km3, F = 0.05, θ = 3.02, dF = 0.316,
and a/b = 2.33. The largest τy0 in this study is 1340 kPa for D = 1680 m, V = 125 km3,
F = 0.65, θ = 11.77, dF = 3.16, and a/b = 0.47. We remark that our initial yield strengths
have rather low values, because in the laboratory, the initial yield strength of the material
is measured when the sediment is stable, but in our simulations, the initial yield strength is
already lowered for the landslide mass at the time of initiation. The residual yield strength
spans from 43.8 Pa to 670 kPa based on 2 < f < 8 in this study (see Table 5).
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Fig. 13. Factor-of-safety calculation in terms of total stress. We use the factor of safety, together
with other geometric parameters, to estimate the initial yield strength of the landslide material.

a b

Fig. 14. (a) Initial yield strength τy0 displayed in a histogram with 34 · 6− 14 = 450 events due to
three investigated values for θ, dF , a/b, and F , respectively, and six values for V . The excluded 14
events include landslides that are located shallower than 100 m. The approach of scaling the initial
yield strength based on the factor of safety yields a large span in its values. (b) Initial yield strength
versus landslide volume and initial maximum landslide thickness by using dF = 1.0, F = 0.05, and
a/b = 1.04. The yellow dot represents an equivalent of the Storegga Slide with same intitial yield
strength τy0 = 12 kPa and initial maximum landslide thickness D ≈ 450 m, but smaller landslide
volume.
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Table 5. Lower and upper bounds for initial and residual yield strengths

Parameter Symbol Lower bound Upper bound Unit

Initial yield strength τy0 0.350 1340 kPa

Residual yield strength τyr 0.0438 670 kPa

For a comparison, Kim et al. (2019) used τy0 = 12 kPa and τyr = 3 kPa for the Storegga Slide
with V = 3500 km3 and D ≈ 450 m. Figure 14b shows that the example of the Storegga
Slide is within our landslide simulations concerning initial yield strength and initial landslide
thickness. The Storegga Slide is, in our study, near to a landslide with an initial yield strength
of 9 kPa for a regular thick landslide (dF = 1.0) with D = 531 m for the largest applied
landslide volume, V = 125 km3, and a factor of safety F = 0.05. This indicates that the
values for the yield strengths used by Kim et al. (2019) are within our applied range. Snelling
et al. (2020), on the other hand, applied yield strengths ranging from 0 to 20 kPa, which cover
only rather soft landslide materials.

This approach of scaling τy0 with the factor of safety, and scaling τyr with τy0 and f , rather than
setting the same initial and residual yield strengths for any landslide volume with various initial
thicknesses, restricts a thin landslide from being too stiff, and a thick landslide from being
too soft. It also results in a large range for τy0 and τyr , which makes these values physically
reasonable considering the large variety of initial landslide thicknesses in this study.

4.3.3 Kinematics of an intermediatly-seated landslide example

We calibrate geotechnical landslide model parameters including initial yield strength, re-
moulded yield strength, remoulding rate, hydrodynamic pressure drag coefficient, hydrody-
namic friction drag coefficient, and added-mass coefficient based on the comparison between
simulated and mapped run-out distances L and run-out ratios H ′/L. Thereby, we use geo-
metric parameters, such as landslide volume, slope angle, distance to the constant depth basin
floor, and initial landslide thickness, based on the landslide database.

We analyse an example of an intermediately-seated landslide with landslide volume V =
25 km3, a/b = 1.04, dF = 1.0, ζ = 0 m and θ = 5.96◦. Figure 15 shows the landslide at
the intial time, 90 s, 210 s, 300 s, and 510 s after landslide initiation, and at 800 s when the
landslide motion has stopped. Most parts of the landslide mass flow out of its source area
after 300 s, flow down on the slope (at locations where x 6= 0), and run out on the constant
depth basin floor. Few parts of the mass remain at the source area, and it is possible that
some mass at the source area mobilises after most of the landslide mass has flown down the
slope. Figure 16 shows the landslide mass at the initial time and 800 s in a transect parallel
to the y-axis.

Figure 17 shows landslide velocities 90 s, 210 s, 300 s, and 510 s after landslide initiation. The
velocities v are calculated using the bed-parallel x-component (vx) and y-component (vy) of
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Fig. 15. Top view of the landslide (a) prior to the release, (b) 90 s, (c) 210 s, (d) 300 s, (e) 510 s
after initiation, and (f) at 800 s when the motion has stopped. The black lines in panels a and f
are shown as transects in Figure 16. Landslide parameters are V = 25 km3, dF = 1.0, ζ = 0 m,
θ = 5.96◦, a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr , Γ = 0.005, CF = 0.01,
CP = 1.0, and Cm = 0.1, which is the source for vertical sea surface displacements shown in Figure
3 and the sea surface elevations shown in Figures 4, 5, and 6. The landslide runs out on the basin
floor.
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Fig. 16. Cross-sectional view of the landslide (a) prior to the release and (b) at 800 s when the
motion has stopped. The transects are located in Figure 15a,d. Landslide parameters are V = 25 km3,
dF = 1.0, ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr ,
Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1, which is the source for vertical sea surface
displacements shown in Figure 3 and the sea surface elevations shown in Figures 4, 5, and 6. The
landslide runs out on the basin floor.

the landslide velocity, respectively. The velocities increase with time as long as the main
part of the landslide mass is in its source area or on the slope, and the velocities decrease
when the landslide spreads out on the basin floor. We observe high velocities on the slope
between the source area and the basin floor at x 6= 0 occurring 300 s after initiation. Landslide
accelerations at the same times are shown in Figure 18. The accelerations are calculated based
on temporal central derivatives of the velocity field using the computational time step. From
210 s after landslide initiation on, positive accelerations are at the front of the landslide body
and negative accelerations at the rear. Large negative accelerations are observed on the slope
at 510 s when the landslide mass moves from the slope onto the basin plane.

Figure 19a,b shows maximum and mean landslide velocities for simulation results for various
landslide volumes, but same other parameter values as used for the landslide shown in Figures
15 to 18. The maximum velocity is the maximum value over the entire spatial domain for
each computational time step, and the mean velocity is the mean value over the entire spatial
domain for each computational time step. The peak maximum and peak mean velocity is
the largest value of the corresponding quantity for all times. The models from which Figure
19a,b is constructed, indicate that the more voluminous landslides have larger peak velocities,
which are delayed in time for increasing volumes. The maximum landslide velocity increases
at early times with a short relaxation at around 200 s, then increases further towards its peak
maximum value at around 350 s. The second increase in maximum velocity occurs when the
main part of the landslide body flows over the slope between the source area and the basin
plane (see Figs. 15 and 17). We observe another local peak in maximum landslide velocity for
the two largest landslide volumes. This second peak occurs when some parts of the landslide
mass flow down inside the source area after the main tsunamigenic part of the landslide mass
has reached the basin plane. The mean landslide velocities show only one peak. For further
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Fig. 17. Landslide velocity (a) 90 s, (b) 210 s, (c) 300 s, and (d) 510 s after initiation. Landslide
parameters are V = 25 km3, dF = 1.0, ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65 that governs τy0,
f = 5 that governs τyr , Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1. The according landslide
evolution is shown in Figures 15 and 16.
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Fig. 18. Landslide acceleration (a) 90 s, (b) 210 s, (c) 300 s, and (d) 510 s after initiation. Landslide
parameters are V = 25 km3, dF = 1.0, ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65 that governs τy0,
f = 5 that governs τyr , Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1. The according landslide
evolution is shown in Figures 15 and 16. Note that the maximum accelerations exceed the colour bar
limits in panels b, c, and d.
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analyses, we use the peak mean velocities rather than the peak maximum velocities, because
the maximum velocity is often a bad proxy for the link to tsunami genesis.

Figure 19c,d illustrates the time evolution of the maximum and mean accelerations, respec-
tively. The maximum acceleration is the maximum value over the entire spatial domain for
each computational time step, and the mean acceleration is the mean value over the entire
spatial domain for each computational time step. Figure 19c,d indicates that the more volu-
minous landslides have larger initial accelerations, however the initial maximum accelerations
span only between 0.25 m s−2 and 0.26 m s−2. Also, local peak accelerations increase with
increasing landslide volume and are delayed in time for increasing volumes (similar to the
peak velocities in Figure 19a,b). These local peak accelerations occur at the time of the re-
acceleration phase when parts of the landslide flow over the slope. For further analyses, we
use the initial mean accelerations as previous authors found relationships between the initial
landslide acceleration and the generated tsunami height (Løvholt et al., 2005; Haugen et al.,
2005; Harbitz et al., 2006).

Figure 19e,f shows the relationship between the run-out ratio and the peak mean landslide
velocities and initial mean landslide accelerations, respectively. The run-out ratio decreases
with both increasing peak mean landslide velocity and increasing initial mean landslide ac-
celeration. The peak landslide velocity as well as the initial landslide acceleration are good
indicators for the run-out ratio in this example.

Next to the example with intermediatly-seated landslide from above, Figure 20 shows a deep-
seated landslide, with the initial landslide thickness being half an order of magnitude larger,
dF = 3.16. This example is restricted in horizontal displacement, and therefore does not
completely flow out of its source area. Nevertheless, deep-seated landslides show similar scaling
laws between peak velocities, initial accelerations, and run-out ratios as the intermediatly-
seated landslides (results not shown). The third category, including thinly-shaped landslides
with a thickness being half an order of magnitude smaller, dF = 0.316, follow similar scaling
laws, too.

4.3.4 Sensitivity to initial landslide geometries and geometric setup on the land-
slide run-out distance and ratio

Run-out simulation results for various thickness factors and various landslide volumes are
summarised in Figure 11. The run-out distance data range from the Gulf of Cadiz is well
covered, whereas the run-out ratios of the simulations do not cover the data range for various
dF . Simulated peak mean landslide velocities increase with increasing landslide volume and
decreasing dF . They can be very large for simulated large landslides with low dF (thinly
shaped). A landslide simulation with a volume of 125 km3, for instance, has a peak mean
velocity of 55 m s−1.

Placing landslides with dF = 0.316 further up-slope, thus increasing ζ, results in increased run-
out distances. For this example, run-out distances for small landslide volumes and large ζ are
outside the observation from the database (see Fig 21a). On the other hand, all simulation
results lie inside the observations in the run-out ratio plot, which is shown in Figure 21b.
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Fig. 19. (a) Maximum and (b) mean velocity time evolution, (c) maximum and (d) mean accel-
eration time evolution, and (e) peak mean velocity and (f) initial mean acceleration versus run-out
ratio. Landslide parameters are dF = 1.0, ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65 that governs
τy0, f = 5 that governs τyr , Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1. Increasing peak mean
velocities decrease the run-out ratio, therefore a relative increase in the run-out distance.
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Fig. 20. Landslide (a), (c) prior to the release and (b), (d) when the motion has stopped for (a),
(b) in a top view and (c), (d) in a cross-section. The black lines in panels a and b are shown as
transects in panels c and d. Landslide parameters are V = 1 km3, dF = 3.16, ζ = 750m, θ = 5.96◦,
a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr , Γ = 0.005, CF = 0.01, CP = 1.0, and
Cm = 0.1. The slump has a restricted horizontal displacement.
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In general, the run-out ratio decreases with decreasing ζ for small landslide volumes. The
sensitivity to ζ becomes smaller the larger the landslide volume is.

The landslides in the database displaying relatively high run-out ratios, e.g. in the order of 0.2,
involve relatively short run-out distances. These landslides that are initiated on steep slopes
and come to rest early, thus still on the slope rather than the basin floor, cover those very large
run-out ratios (see Fig. 22a). Small landslides on the flank of a canyon could represent such
landslides. A potential explanation for these relatively short run-out distances is that these
landslides occur in relatively stiff sediments and/or involve a deep-seated landslide mass. This
type of landslides could potentially represent important tsunamigenic sources, illustrated by
large scale events such as the 1998 Papua New Guinea (Synolakis et al., 2002; Tappin et al.,
2008) or the 1929 Grand Banks events (Fine et al., 2005; Løvholt et al., 2018; Zengaffinen
et al., 2020a). The largest run-out ratios are observed for the smallest landslides on the steepest
slopes. Figure 22b shows that the peak mean velocity increases with landslide volume and
slope angle. A slope angle increase from 3◦ − 6◦ implies more than doubling the velocity for
the largest landslides.

The various simulations performed indicate that the three geometric parameters, dF , ζ, and
θ, are crucial to cover the entire run-out ratio spectrum from the database. The source slope
angle θ turns to be the most important parameter to cover the run-out ratio range, while the
landslide thickness factor dF is most important for the run-out distance. A fourth parameter,
the source area width to length ratio a/b, does not seem to play a large influence in the run-out
ratio.

4.3.5 Effects of geotechnical parameters on landslide run-out

The initial yield strength has little influence on the peak landslide velocities as well as on the
run-out distance for the applied remoulding coefficients (results not shown), but the remoulded
yield strength does. We visualise the effect of the remoulded yield strength for the landslide
shown in Figure 16. Figure 23a,b shows the time evolution of the centre-of-mass and the
mean yield strength. Then mean yield strength for each time step is obtained by averaging
all values in each cell over the entire computational spatial domain. For each value of τyr ,
the centre of mass reaches its remoulded yield strength after approximately 200 s, whereas the
mean yield strength reaches an end value later when the remoulding process is finished. This
end value is not the set remoulded yield strength, because parts of the landslide did not exert
high enough shear deformation such that the material could entirely remould.

Figure 23c shows the time evolution of the mean landslide velocities. The velocities are
generally higher for landslides with lower residual yield strength, and the peak mean velocity
occurs after the centre of mass has been entirely remoulded. Figure 24a shows peak mean
velocities for all six different landslide volumes illustrating that the lower the residual yield
strength, meaning higher soil sensitivity f , the larger is the peak velocity. Peak velocities
for the largest landslide are around 35 m s−1 for this example with dF = 1.0. The larger
the peak velocity, the smaller is the run-out ratio, which can be seen in Figure 24b. Larger
run-out ratios mean shorter run-out distances, because each landslide has the same vertical
drop height for various τyr . We conclude that a lower remoulded yield strength causes smaller
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Fig. 21. Sensitivity to vertical distance to the basin floor, ζ. (a) Run-out distance and (b) run-
out ratio are displayed versus landslide volume. Landslide parameters are dF = 0.316, θ = 5.96◦,
a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr , Γ = 0.005, CF = 0.01, CP = 1.0,
and Cm = 0.1. ζ > 0 results in extremely large run-out distances for small landslides. The field
marked with dasehd line in panel b represents the extent for submarine landslides from De Blasio et
al. (2006). The slope angle at the source, θ, is colour-coded in the database from the Gulf of Cadiz.
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Fig. 22. Sensitivity to slope angle at the source of the landslide, θ. (a) Run-out ratio and (b) peak
mean landslide velocity are displayed versus landslide volume. Landslide parameters are dF = 3.16,
ζ = 1500m, a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr , Γ = 0.005, CF = 0.01,
CP = 1.0, and Cm = 0.1. θ covers the run-out data from the Gulf of Cadiz best. The field marked
with dasehd line in panel a represents the extent for submarine landslides from De Blasio et al.
(2006). The slope angle at the source, θ, is colour-coded in both the simulation results (large dots)
and the database from the Gulf of Cadiz (small dots).
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Fig. 23. Sensitivity to the soil sensitivity f governing τyr with (a) the time evolution of the centre-
of-mass yield strength, (b) the mean yield strength, and (c) the mean landslide velocity. Landslide
parameters are V = 25 km3, dF = 1.0, ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65 that results in
τy0 = 47.5 kPa, Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1. Peak mean landslide velocities
occur after the centre-of-mass yield strength has been entirely remoulded.

run-out ratios.

Comparing the time evolution of the yield strength at the centre of mass in Figure 25 for
various remoulding rates Γ, shows that the initial yield strength is being remoulded towards
the residual yield strength faster for landslides with larger Γ. The larger Γ the larger is the
largest peak mean landslide velocity. Medium values of Γ result in a slightly smaller peak
velocity that is also delayed in time. The smallest Γ results in a centre of mass that cannot
entirely remould to the residual yield strength and stagnates somewhere between τy0 and τyr .
The mean velocity for the smallest Γ is accordingly smaller. Peak mean velocities and run-out
ratios for various Γ are plotted in Figure 26 for all landslide volumes. Peak mean velocities
are larger and run-out ratios smaller for larger Γ for all volumes.

We also investigate the sensitivities to the pressure drag coefficient CP , friction drag coefficient
CF , and added-mass coefficient Cm. Decreasing values imply weaker hydrodynamic resistance
forces and thus the landslide can move and accelerate faster. An example for the added-mass
coefficient Cm is shown in Figure 27. Peak mean landslide velocities increase with decreasing
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Fig. 24. Sensitivity to the soil sensitivity f governing τyr . (a) Peak mean landslide velocity and
(b) run-out ratio are displayed versus landslide volume. Landslide parameters are dF = 1.0, ζ = 0 m,
θ = 5.96◦, a/b = 1.04, F = 0.65 that results in τy0 = 47.5 kPa, Γ = 0.005, CF = 0.01, CP = 1.0,
and Cm = 0.1. Larger τyr cause smaller mean velocities, which increase the run-out ratio, i.e.
decrease the run-out distance. The field marked with dasehd line in panel b represents the extent for
submarine landslides from De Blasio et al. (2006). The slope angle at the source, θ, is colour-coded
in the database from the Gulf of Cadiz.
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Fig. 25. Sensitivity to remoulding rate Γ with (a) the time evolution of the centre-of-mass yield
strength, and (b) the mean landslide velocity. Landslide parameters are V = 25 km3, dF = 1.0,
ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr , CF = 0.01,
CP = 1.0, and Cm = 0.1. Smaller Γ result in decreasing mean landslide velocities.

Cm and with increasing landslide volume except for Cm = 1.0. For this value, peak mean
landslide velocities decrease with increasing landslide volume, however, the velocities do not
span a wide range. Velocities drop from 2 m s−1 to 1 m s−1 from the smallest to largest applied
landslide volume (see Figure 27a). Despite the fact that we claimed peak maximum landslide
velocities being a bad proxy due to potential fluctuations, Figure 27b shows that the peak
maximum velocities for Cm = 1.0 increase with increasing landslide volume.

Figure 27c shows the landslide run-out ratios versus the landslide volume for the three values
for Cm. Run-out ratios decrease with increasing landslide volume and with decreasing Cm.
The run-out ratios for Cm = 1.0 are nearly constant for all landslide volumes due to relatively
short run-out distances induced by peak mean velocities in the range between 1 m s−1 and
2 m s−1. We remark that the run-out ratio would be equal to the tangens of the slope angle
at the source for a landslide with zero velocity.

Figure 28 shows all simulations performed on the volume to run-out ratio plot to try to un-
derstand how much of the observed scatter we can cover with the numerical models. Included
results are landslides with all geometric parameters from Table 4, and the selected runs for
geotechnical parameters shown in Figures 23 to 27. Geometric parameters are more impor-
tant than geotechnical parameters, with the slope angle being the most sensitive parameter.
Snelling et al. (2020) reported similar findings. Nevertheless, the geometric parameters such
as the slope angle and the water depth, for instance, are not uncertain in the same way
as geotechnical parameters, as in PTHA they can be based on the source location of the
landslide.

With the constructed landslide simulations on a simplified bathymetry, giving results com-
patible with information extracted from the landslide database, the constrained ranges for
the geotechnical parameters are likely to be reasonable input to the tsunami model. Yet, as
discussed by Løvholt et al. (2020), there is likely to be large uncertainty related to the tsunami
genesis even for fixed parameter values in this investigation.
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Fig. 26. Sensitivity to remoulding rate Γ. (a) Peak mean landslide velocity and (b) run-out ratio
are displayed versus landslide volume. Landslide parameters are dF = 1.0, ζ = 0 m, θ = 5.96◦,
a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr , CF = 0.01, CP = 1.0, and Cm = 0.1.
Smaller Γ increases the run-out ratio, hence, relatively decreases the run-out distance. The field
marked with dasehd line in panel b represents the extent for submarine landslides from De Blasio et
al. (2006). The slope angle at the source, θ, is colour-coded in the database from the Gulf of Cadiz.
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Fig. 27. Sensitivity to added-mass coefficient Cm. (a) Peak mean landslide velocity, (a) peak maxi-
mum landslide velocity, and (c) run-out are displayed versus landslide volume. Landslide parameters
are dF = 1.0, ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr ,
Γ = 0.005, CF = 0.01, and CP = 1.0. Larger Cm results in stronger resisting forces and higher
run-out ratio (lower run-out distance). The field marked with dasehd line in panel b represents the
extent for submarine landslides from De Blasio et al. (2006). The slope angle at the source, θ, is
colour-coded in the database from the Gulf of Cadiz.
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Fig. 28. Landslide volume versus run-out ratio for all investigated parameter ranges. The field
marked with dashed line represents the extent for submarine landslides from De Blasio et al. (2006).
The slope angle at the source, θ, is colour-coded in both the simulation results (circles) and the
database from the Gulf of Cadiz (dots). Simulation results cover the observed data well.

4.4 Landslide-tsunami simulation results

Submarine landslide-based PTHA deals with large epistemic uncertainties that need to be
accounted for (Løvholt et al., 2020). Therefore, all landslide input parameter value ranges
constrained from the landslide database and run-out ratio fitting must be included in the
study to limit these uncertainties as much as possible. While we included a wide range of
landslides for the run-out analysis, we limit our investigation in the landslide-tsunami analysis.
We address only landslides on the continental margin, therefore, many landslides mapped in
Figure 1 are not covered by this landslide-tsunami analysis. Figure 4 shows the tsunami
propagation for the example in Figure 16 representing a landslide at a water depth of 3000 m.
As the landslide is directed away from the coast, the generated waves result in a trough on
the landward side, and an offshore-ward positive crest. While the landslide motion continues,
waves are continuously added to the travelling waves. Anyhow, in this study, we analyse only
waves going towards the coast right behind the landslide in a transect from the source towards
the shore, and at gauges located on this transect (see Fig. 2).

4.4.1 Effects of landslide’s dynamic history cut-off on sea surface elevation

As landslide-tsunami simulations with all possible parameter constellations use high CPU
times, we examine the effect of cutting the landslide motion in the resulting tsunami so as
to reduce the computational burden. Some computational burden has already been reduced
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Fig. 29. (a), (c) Maximum and mean landslide velocities, and the generated sea surface elevations
after (b) 1800 s and (d) after 560 s. The velocities in panel a are from the landslide shown in Figures
15 and 16 at H = 3000 m, and the velocities in panel c are from the slump shown in Figure 20 at
H = 2000 m. The sea surface elevations are shown in transects parallel to the y-axis (see Figure 4f).
The labelled fraction number refers to the time relative to the time of the peak maximum velocity at
which the landslide motion is stopped artificially. The label ’0’ refers to the full landslide-tsunami
simulation. An abrupt deceleration of the landslide motion can imply incorrect sea surface elevations.

by choosing an appropriately small bathymetric grid extent for the tsunami propagation (see
Figs. 4, 5, and 6), and by decreasing the number of computational cells for the tsunami
propagation triggered by larger landslides. In order to show the effect of artificial deceleration
with effect on tsunami genesis, the landslide motion is abruptly stopped when the maximum
velocity is at (1) half, (2) a fifth, and (3) a twentieth of its peak value before coming to rest.
Figure 29a,c shows the time evolutions of maximum and mean landslide velocities for the two
examples in Figures 16 and 20. In Figure 20c we observe small jumps in the maximum velocity
after the peak maximum velocity. These jumps occur due to the landslide creeping on the
basin floor in some computational cells, however, not important for tsunami genesis.

The sea surface elevations are shown in a transect parallel to the y-axis in Figure 20b,d.
For the first example (Figure 20b), errors for the waveforms, including the maximum sea
surface elevations, are well visible when stopping the landslide motion at the time of half the
peak maximum velocity. For the second example, on the other hand, stopping the landslide
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motion after the peak maximum velocity has fallen down to half of its value, the four leading
wave crests deviate less than 3% in amplitude between the full simulation and the cut-off
simulation, while the maximum crest deviates less than 1%. Waveforms induced by the other
two manipulated landslide motions show good agreement with the surface elevations induced
by the full landslide simulation for both examples.

According to these two examples, and to make sure we do not produce any artificial waves for
any scenarios, we choose a landslide cut-off when the maximum velocity is at a twentieth of its
peak value for further analyses. This decreases some computational burden, however, despite
the compromise in spatial resolution for the largest landslides, V = 125 km3 (see above), they
are excluded in the landslide-tsunami simulations. This is partly because the time interval
at which we dump the fields of the vertical seabed displacements used as tsunami source is
relatively small for the largest landslides. We tested the dumping time interval refinement
only with the smallest landslides (see above).

Abruptly stopping the landslide motion too early can cause an artificial flux. This artificial flux
implies an abrupt deceleration, which causes artificial sea surface elevations that might even
be larger than those induced by the actual landslide motion (Harbitz et al., 2006). In other
words, the deceleration phase can have similar importance for the tsunami genesis as the initial
acceleration phase. Stopping the landslide motion abruptly at a velocity of one twentieth of
its peak maximum velocity is a simple suggestion to decrease simulation times.

4.4.2 Effects of geometric, rheological, and hydrodynamic resistance parameters
on tsunami genesis

The initial water depth of the landslide centre H influences the tsunami genesis to a large
extent. Figure 30 shows the time series of the sea surface elevations η2 at gauge 2 for the
landslide illustrated in Figure 20 at various H. The shallower the landslide is located, the
more efficient is the tsunami genesis in producing higher surface elevations. Halving the water
depth from 2000 m to 1000 m implies a five times larger maximum elevation for this example.
The wave period is shorter for the shallower landslides, and the tsunami arrival times are
different for the landslide at various water depths, because of the geometrical setup used in
this study (see Fig. 2). Figure 31a shows the maximum sea surface elevations ηc2 for various
volumes using the same source configurations. The larger the landslide volume V , the larger
is ηc2 . Note that simulations results for small tsunami heights are excluded, because of the
rounding precision of GloBouss (see above).

The tsunami sensitivity to the source length to width ratio a/b is shown in Figure 31b.
Landslides with an initial length shorter than the initial width, thus a/b > 1, produce larger
but narrower tsunamis than landslides with a/b < 1 at gauge 2. Another important geometric
parameter for the tsunami genesis is the slope angle of the initial landslide location θ (see Fig.
31c). Landslides with larger θ cause higher tsunamis. The vertical distance from the lower
end of the initial landslide mass to the basin floor ζ has little influence on tsunami genesis,
and thus it is not investigated further.

The thickness factor dF does not show a systematic relationship with the maximum sea
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Fig. 30. Time series of the sea surface elevations at gauge 2 for various water depths. Applied
model parameters are V = 1 km3, dF = 3.16, ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65, f = 5,
Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1. The landslide source in shallower water generates
higher amplitude and higher frequency tsunamis.

a b

c d

Fig. 31. Landslide volume versus maximum sea surface elevation at gauge 2 with (a) various H,
(b) various a/b, (c) various θ, and (d) for various dF . Applied model parameters are H = 2000 m
except in (a), dF = 3.16 except in (d), ζ = 0 m, θ = 5.96◦ except in (c), a/b = 1.04 except in (b),
F = 0.65, f = 5, Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1. The maximum sea surface
elevation increases with increasing landslide volume V , decreasing H, increasing a/b, and increasing
θ. There is no such behaviour for dF .
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surface elevation at gauge 2 (see Fig. 31d). Landslides with a thickness factor dF = 1.0
cause the smallest maximum surface elevations. Deep-seated (dF = 3.16) and thinly-shaped
(dF = 0.316) landslides are more tsunamigenic. One reason for this unsystematic behaviour
in maximum surface elevation are the landslide velocities. As shown in Figure 11, the peak
mean landslide velocity increases for decreasing values for dF , partly due to lower initial yield
strengths, which makes the tsunami genesis more important for thinly-shaped landslides. On
the contrary, landslides with larger dF cause a larger vertical uplift of the seabed, which makes
deep-seated landslides more tsunamigenic.

Another reason for the unsystematic behaviour of dF is the tsunami generation mechanism. We
analyse the vertical sea surface displacements induced by the three landslides with V = 1 km3

and various dF in Figure 32. At early times, e.g. 30 s after landslide initiation, vertical sea
surface displacements are largest for the deep-seated landslide (dF = 3.16), and at later times,
e.g. 120 s after landslide initiation, surface displacements are largest for thinly-shaped land-
slides (dF = 0.316). Because the lanslide motion lasts longer for thinly-shaped landslides,
vertical sea surface displacements induced by thinly-shaped landslides are still fed into the
tsunami model when the generation mechanism is already finished for deep-seated landslides,
e.g. 120 s after landslide initiation. The generation mechanisms affect the tsunami propaga-
tion such that the maximum sea surface elevation on the continental shelf, where gauge 2 is
located, is largest for tsunamis induced by the thinly-shaped landslide for this example (see
Fig. 33).

The geotechnical parameter that is most sensitive to the tsunami genesis is the initial yield
strength of the landslide material τy0 , here represented through the factor of safety F . Fig-
ure 34a shows an increasing maximum sea surface elevation ηc2 with decreasing F , meaning
that softer initial landslide masses are more tsunamigenic than stiffer masses. Neither the
remoulding rate Γ, nor the residual yield strength of the landslide mass τyr influence tsunami
genesis significantly (results not shown).

The hydrodynamic resistance parameters, including Cm, CF , and CP , cause larger sea sur-
face elevations the lower their values. Tsunami genesis, however, is most sensitive to the
added-mass coefficient Cm among these three investigated hydrodynamic resistance parame-
ters. Figure 34b shows that large Cm values cause smaller maximum sea surface elevations
ηc2 , because Cm affects the landslide acceleration. For the largest Cm value, ηc2 is one order
of magnitude smaller than for the smallest Cm value. For further investigations though, we
focus on the centre value of Cm to keep the computational burden limited. CF and CP have a
small influence on the maximum sea surface elevation ηc2 at gauge 2, therefore not investigated
further (results not shown).

Figure 35 shows the tsunami uncertainty from a combination of the sensitive input source
parameters discussed above, whose value ranges are selected based on the calibration towards
landslide run-out observations shown in Figure 28. Maximum sea surface elevations increase
with increasing landslide volume, however, the elevations span over 1.5 to 2.5 orders of magni-
tudes throughout all applied landslide volumes. This shows how uncertain the tsunami heights
are when parameter values are based on landslide run-out observations only. In our study,
the most sensitive source parameter is the slope angle at the source that is colour-coded in
Figure 35. An increasing slope angle implies an increasing maximum sea surface elevation,
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Fig. 32. Transects of vertical sea surface displacements (a) 30 s, (b) 60 s, (c) 120 s, and (d) 210 s
after landslide initiation for various dF . The transects go through the position of the initial centre
of landslide mass (y = 0) and are parallel to the y-axis. Applied model parameters are H = 2000 m,
ζ = 0 m, θ = 5.96◦, a/b = 1.04, F = 0.65 that governs τy0, f = 5 that governs τyr , Γ = 0.005,
CF = 0.01, CP = 1.0, and Cm = 0.1. Surface displacements are largest for the landslide with
dF = 0.316 in panels c and d.
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Fig. 33. Transects of sea surface elevations (a) 30 s, (b) 60 s, (c) 120 s, (d) 210 s, and (e) 510 s
after landslide initiation for various dF . The transects go through the location of the initial centre of
landslide mass (y = 0) and are parallel to the y-axis. Vertical sea surface displacments for this set of
examples are shown in Figure 32. The continental shelf that is 100 m deep starts at y = 16 km and
continues in positive y-direction. The basin floor starts between y = −1.1 km and y = −3.5 km and
continuous in negative y-direction, and it is between 2120 m and 2380 m deep depending on dF . The
maximum sea surface elevation on the continental shelf is largest for the landslide with dF = 0.316
for this set of examples.
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Fig. 34. Landslide volume versus maximum sea surface elevation at gauge 2 with (a) various F
and (b) various Cm. Applied model parameters are H = 2000 m, dF = 3.16, ζ = 0 m, θ = 5.96◦,
a/b = 1.04, F = 0.65 only in (b), f = 5, Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1 only in
(a). The maximum sea surface elevation increases with increasing landslide volume V , decreasing
F , and decreasing Cm.

however, the surface elevations span over more than one order of magnitude for a given slope
angle.

In order to explain the relatively large uncertainty in simulated maximum sea surface ele-
vations, we achieve parametric relationships between important source parameters and the
maximum elevation ηc2 at gauge 2. We fit a linear curve to the logarithmic quantity of ηc2
on one axis, and on the other axis the logarithmic product of the quatitites H, V , a/b, sin θ,
and dF with whole-number exponents, and the factor of safety F with a one-decimal-number
exponent. The factor of safety needs a larger exponent precision, because tsunami genesis is
generally more sensitive to the geometric parameters than the soil parameters. Trying out
different values for each exponent leads to the smallest standard error of 0.00666 and largest
correlation coefficient R2 = 0.951 based on linear regression analysis. The following strong
correlation is obtained: ηc2 ∝ (sin θ)2 V H−2 F−0.3. Figure 36a shows all simulation results
including the power law

ηc2 = k
((sin θ)2 V

H2 F 0.3

)m
(9)

where k = 0.0726 and the power law exponent m = 0.891. When excluding geometric factors
in the scaling relation given by Equation 9, the initial yield strength τy0 shows, scaled with
the landslide volume V , a moderate correlation with the maximum sea surface elevation at
gauge 2 based on linear regression analysis: ηc2 ∝ V τy0 (see Fig. 36b).

Apart from the maximum sea surface elevation, the leading wavelength is also sensitive to
certain model parameters. The leading wavelength is calculated from the product of the
hydrostatic wave speed with the time period of the leading wave at gauge 2. The wave
period of the leading wave is defined as the time difference between the time of the second
zero-crossing and when the sea surface elevation drops first below a threshold value of 1 mm.
Figure 37 shows that the leading wavelength at gauge 2 scales proportionally to the water
depth cubed H2, the landslide volume V , inversely proportionally to the ratio a/b and to the
thickness factor squared (dF )2. This scaling law is based on the same curve fitting procedure
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Fig. 35. Landslide volume versus maximum sea surface elevation at gauge 2 for the most sensitive
parameters to tsunami genesis. Constant model parameters are ζ = 0 m, f = 5, Γ = 0.005, CF =
0.01, CP = 1.0, and Cm = 0.1. The large scatter of the simulation results implies a huge tsunami
uncertainty based on the statistical parameter ranges from the landslide database.

a b

Fig. 36. Maximum sea surface elevation at gauge 2 versus (a) scaled source parameters based curve
fitting and (b) landslide volume multiplied with the initial yield strength. The scaling correlation
is strong in (a) and moderate in (b). X refers to the X-axis and Y to the Y-axis. StdErr is the
least-squares standard error. Constant model parameters are ζ = 0 m, f = 5, Γ = 0.005, CF = 0.01,
CP = 1.0, and Cm = 0.1.
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Fig. 37. Leading wavelength at gauge 2, λl2, versus a combination of source parameters showing
a moderate correlation. X refers to the X-axis and Y to the Y-axis. StdErr is the least-squares
standard error. Constant model parameters are ζ = 0 m, f = 5, Γ = 0.005, CF = 0.01, CP = 1.0,
and Cm = 0.1.

as done for the maximum sea surface elevation. The correlation is moderate with a correlation
factor R2 = 0.763 based on linear regression analysis.

4.4.3 Relationships between kinematic landslide properties and tsunami gene-
sis

We scale the maximum sea surface elevation ηc2 at gauge 2 with the Froude number Frmeanpeak =

vmeanpeak /
√
gH, the hydrostatic wave speed c0 =

√
gH, and geometric source parameters. The

largest Frmeanpeak with a peak mean landslide velocity of vmeanpeak = 40 m s−1 for a landslide with its
initial central mass at a water depth of H = 1000 m does not exceed 0.4 in this study. This is
an upper-bound approximation, because the location of the peak mean landslide velocity can
be further downslope than the location of the intial central mass for landslides with large run-
out distances. Nevertheless, the tsunami genesis is sub-critical for all landslides investigated
in this study (Froude number based on the peak maximum velocitites wouldn’t exceed 0.7).
Again, we perform a curve fit with varying whole-number exponents for geometric parameters
in the power law of Equation 9, including the Froude number. Based on linear regression
analysis, the smallest standard error using the mean peak velocity is 0.00746 with R2 = 0.873.
This indicates a strong correlation between ηc2 and (Frmeanpeak )2 a

b
(dF )2 V (c0)−2. The parametric

relation reads

ηc2 = kmeanFr

((Frmeanpeak )2 a
b

(dF )2 V

(c0)2

)mmean
Fr

(10)

where kmeanFr = 0.00871 and mmean
Fr = 0.593 (see Fig. 38a).

The same curve fit as for the Froude number is applied to the initial acceleration. The
standard error using the mean initial acceleration is 0.00666 with R2 = 0.946, meaning strong
correlations between ηc2 and (amean0 )2 V (c0)−4. The initial acceleration embeds in a power law
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Fig. 38. Scaled landslide volume versus maximum sea surface elevation at gauge 2, ηc2. The
scaling includes (a) the Froude number Frmeanpeak based on the peak mean landslide velocity and (b) the
initial mean landslide acceleration amean0 . Both kinematic quantities scale proportionally with ηc2,
and show, combined with geometric source parameters, a strong correlation with ηc2. Constant model
parameters are ζ = 0 m, f = 5, Γ = 0.005, CF = 0.01, CP = 1.0, and Cm = 0.1. X refers to the
X-axis and Y to the Y-axis. StdErr is the least-squares standard error.

with the maximum sea surface elevation according to

ηc2 = kmeana

((amean0 )2 V

(c0)4

)mmean
a

(11)

where kmeana = 2.345 and mmean
a = 0.843 (see Fig. 38b). Note that all values for k and m are

dimensionless. Other authors such as Løvholt et al. (2005), Haugen et al. (2005), and Harbitz
et al. (2006) found a similar scaling relation with the maximum sea surface elevation, that is
V a0
(c0)2

.

5 Concluding remarks

We have compiled a database of a total of 471 submarine landslides, which is the result of
numerous cruises over the Gulf of Cadiz. The cumulative-volume distribution follows a power
law for the larger landslide volumes whereas smaller volumes are likely to follow the same
power law if there was no lack of mapped smaller landslides. Parameters such as the mean
source slope angle and the source area width to length ratio follow a lognormal distribution.
We found no upper limit for source slope angles for submarine landslides as e.g. De Blasio
et al. (2006) did, thus we suggest that there is no actual distinction between subaerial and
submarine landslides in terms of source slope angles. Nonetheless, the flow mechanics between
submarine and subaerial landslides are different.

Based on the submarine landslide database from the Gulf of Cadiz, we have performed numer-
ous landslide simulations with simplified geometric landslide configurations and a simplified
bathymetry. Thereby, we used a depth-averaged viscoplastic landslide model. A first goal
was to cover the statistical distribution of landslide run-out ratios from the database based
on a range of geometric parameters. With the applied geometric landslide constellations, we
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have constrained geotechnical parameter uncertainty ranges, for instance the remoulded yield
strength τyr through the soil sensitivity f . This study resulted in a calibration of geotechnical
parameters towards a statistical submarine landslide database.

Next, we have coupled the numerical landslide model to a numerical linear dispersive long-
wave model to show the relatively wide span in tsunami genesis. The large uncertainty in
tsunami heights can be explained by the sensitivity to important geometric source parameters
based on the landslide database, and constrained geotechnical landslide parameters such as
the initial yield strength. Also kinematic properties such as the Froude number and the initial
landslide acceleration relate to tsunami genesis.

The results of the simulated tsunami uncertainties, presented in Figure 35, build the baseline
for a future probabilistic tsunami hazard analysis (PTHA). Forthcoming efforts will combine
our results with a landslide volume versus frequency curve. Then more work is needed to
incorporate the enormous geometric complexity in tsunami sources, and geotechnical param-
eter ranges must be addressed so as to assign temporal and spatial (see Collico et al. (2020))
landslide occurrence and tsunami propagation into a probabilistic framework. Nonetheless,
this study still presents some statistical baseline for a full and reliable PTHA in the Gulf of
Cadiz and elsewhere.
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T., Harbitz, C. B., and Løvholt, F. (2017). The 2014 Lake Askja rockslide-induced tsunami:
Optimization of numerical tsunami model using observed data. Journal of Geophysical
Research: Oceans, 122(5):4110–4122.

Hampton, M. A., Karl, H. A., and Murray, C. J. (2002). Acoustic profiles and images of the
Palos Verdes margin: implications concerning deposition from the White’s Point outfall.
Continental Shelf Research, 22(6-7):841–857.

Harbitz, C. B., Glimsdal, S., Løvholt, F., and Blikra, L. H. (2018). Probabilistic analysis of
rockslide tsunami hazard in norwegian fjords incorporating epistemic uncertainty due to
expert judgement. AGUFM, 2018:NH41C–0997.

Harbitz, C. B., Løvholt, F., and Bungum, H. (2014). Submarine landslide tsunamis: how
extreme and how likely? Natural Hazards, 72(3):1341–1374.

Harbitz, C. B., Løvholt, F., Pedersen, G., and Masson, D. G. (2006). Mechanisms of tsunami
generation by submarine landslides: a short review. Norwegian Journal of Geology/Norsk
Geologisk Forening, 86(3).

Haugen, K. B., Løvholt, F., and Harbitz, C. B. (2005). Fundamental mechanisms for tsunami
generation by submarine mass flows in idealised geometries. Marine and Petroleum Geology,
22(1-2):209–217.

Heezen, B. C. and Ewing, W. M. (1952). Turbidity currents and submarine slumps, and the
1929 Grand Banks [Newfoundland] earthquake. American journal of Science, 250(12):849–
873.

126



Hensen, C., Scholz, F., Nuzzo, M., Valadares, V., Gràcia, E., Terrinha, P., Liebetrau, V.,
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