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Abstract

Large landslide-tsunamis are caused by mass movements such as landslides or
rock falls impacting into a water body. Research of these phenomena is essen-
tially based on the two idealised water body geometries (i) wave flume (2D,
laterally confined wave propagation) and (ii) wave basin (3D, unconfined wave
propagation). The wave height in 2D and 3D differs by over one order of mag-
nitude in the far field. Further, the wave characteristics in intermediate ge-
ometries are currently not well understood. This article focuses on numerical
landslide-tsunami propagation in the far field to quantify the effect of the wa-
ter body geometry. The hydrodynamic numerical model SWASH, based on the
non-hydrostatic non-linear shallow water equations, was used to simulate ap-
proximate linear, Stokes, cnoidal and solitary waves in 6 different idealised water
body geometries. This includes 2D, 3D as well as intermediate geometries con-
sisting of “channels” with diverging side walls. The wavefront length was found
to be an excellent parameter to correlate the wave decay along the slide axis in
all these geometries in agreement with Green’s law and with diffraction theory
in 3D. Semi-theoretical equations to predict the wave magnitude of the idealised
waves at any desired point of the water bodies are also presented. Further, sim-
ulations of experimental landslide-tsunami time series were performed in 2D to
quantify the effect of frequency dispersion. This process may be negligible for
solitary- and cnoidal-like waves for initial landslide-tsunami hazard assessment
but becomes more important for Stokes-like waves in deeper water. The findings
herein significantly improve the reliability of initial landslide-tsunami hazard as-
sessment in water body geometries between 2D and 3D, as demonstrated with
the 2014 landslide-tsunami event in Lake Askja.
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1. Introduction

1.1. Overview

Tsunamis generated by landslides are serious hazards in reservoirs (Fuchs
t al., |2011; |Panizzo et al., 2005)), lakes (Fuchs and Boes, |2010; |Gylfaddttir

et al., [2017), fjords (Harbitz et al. 2014)) and the sea (Watt et al., 2012} Watts
et al| [2005). In this work the term “landslide” applies to mass movements
such as unstable soil, rock falls, calving icebergs and snow avalanches and the
term “tsunami” specifies (low frequency) waves in water bodies such as lakes,
reservoirs, fjords and the sea hereafter .

One of the most destructive recorded landslide-tsunami was caused by an
approximately 270 x 10% m? large landslide impacting into the Vajont reservoir
in Italy in 1963. The generated wave overtopped the dam crest and flooded
the valley resulting in approximately 2000 casualties (Panizzo et all [2005).
Landslide-tsunamis generated by submarine mass failures include the Papua
New Guinea tsunami in 1998 where a wave of 10 m height resulted in over
2100 human losses (Synolakis et al.,2002). The 2014 landslide-tsunami in Lake
Askja in Iceland is a more recent example. An approximately 20 x 10° m?
large landslide generated a 50 m large tsunami inundating the shoreline up to
80 m (Gylfadéttir et all |2017). On a global scale, potential landslide-tsunamis
need to be assessed quite frequently considering regions such as China with
over 87000 reservoirs , Norway with 1190 fjords
and many new hydropower projects worldwide. Such past and potential
future events highlight the need for reliable landslide-tsunami hazard assessment
methods.

1.2. The effect of the water body geometry

Landslide-tsunamis are most reliably investigated in case specific water bod-
ies given that the geometry and bathymetry may significantly affect the wave
characteristics (Bellotti et al., [2012} Heller et al.,|2012; |Winckler and Liul, 2015)).
For generic studies, however, it is common practice to use idealised geometries.
These are flume geometries (2D) and rarer basin geometries (3D) with a uni-
form water depth. Related geometries reflecting these idealisations can indeed
be found in nature; Fig. [lp shows an example of a 2D geometry if the iceberg
detaches over the entire width. The wave propagates in the direction of the
main axis of the water body with the coordinate = from the landslide impact
and with the water body side angles at 6 = 0°. Fig. shows the Chahalis
lake representing a 3D geometry were the waves propagate with semi-circular
fronts defined with the radial distance r and a propagation angle v from the
slide impact with 6 = 90°.

The decay of the leading wave with distance from the landslide impact zone
has been studied extensively in both 2D and 3D revealing a very different
behaviour. For 2D geometries Kranzer and Keller| (1959) found theoretically,
that H(x)/h o (x/h)~/3, with H being the wave height and h the water
depth, and laboratory experiments showed ranges between H (z)/h oc (z/h)~1/5
andH (z)/h o (x/h)~9%3 (Heller and Hager| [2010; [Heller and Spinnekenl, 2013}
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[Wiegel et al., [1970). Studies conducted in 3D found values between H(r)/h o
(r/h)=2/3 and H(r)/h « (r/h)~"(Huber and Hager, |1997; Panizzo et al., 2005}
Slingerland and Voight], [1979). According to these relationships, a wave with
H/h = 0.100 in 2D reduces to H = 0.034 at /h = 35, using H(z)/h o< (x/h)~03
and in 3D to 0.003 at r/h = 35 by using H(r)/h  (r/h)~1. This over an order
of magnitude difference has been confirmed experimentally by Heller and Spin-|
(2015)). The same authors also confirmed that the landslide-tsunami wave
type changes in function of the geometry; not all of the wave types observed in
2D (commonly linked to the theoretical wave types Stokes, cnoidal, solitary and
bores (Heller and Hager) |2011)) are observed in 3D.

The decay in 2D is due to two different phenomena if bottom friction is ex-
cluded; frequency dispersion (Briihl and Becker} [2018)) and wave breaking which
is sometimes present during tsunami generation and/or propagation. In geome-
tries more diverging than 2D also the contribution of the lateral energy spread
is present.

Figure 1: Landslide-tsunami settings represented by idealised geometries: (a) Heleim Glacier
representing a 2D geometry (contains modified Copernicus Sentinel data, 2016, pro-
cessed by Pierre Markuse) and (b) 2007 Chehalis lake case representing a 3D geom-
etry (adapted from Google maps).

Most studies involving the effect of the water body geometry were aimed at
relating landslide-tsunami parameters in 3D to 2D. Submarine landslides were
investigated by |[Jiang and LeBlond| (1994) who found that the difference be-
tween waves in 3D and 2D geometries is affected by the ratio b/ls, where b is
the slide width and I, is the landslide length along its main axis, and
who provide relations between tsunamis in 2D and 3D based on b
and the maximum tsunami wavelength Lp;.
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Using subaerial landslides, [Heller et al.| (2009) proposed an empirical method
to link the wave characteristics in 3D to 2D based on the impulse product pa-
rameter P (Heller and Hager} [2010). The wave heights H at x/h = r/h = 5
were thereby assumed to be identical in both geometries based on observations
of (follow-up research showed that this assumption is sometimes
very rough, see Heller and Spinneken| 2015). Beyond this position different de-
cays were defined for H based on Heller and Hager| (2010) in 2D and
in 3D.

Since these studies focus all on 2D and/or 3D only, the understanding of
landslide-tsunamis in intermediate geometries is limited. The pioneer study in-
vestigating an intermediate geometry was|Chang et al.| (1979)) generating solitary
waves in a flume with walls at an angle of § = 1.1°. These authors found that
Green’s law can be applied for z/h < 40. However, Green’s law was found to
have limited applicability for solitary and solitary-like waves for more extremely
diverging flumes (Heller et al.,|2012)) if the width of the diverging channel is used
in Green’s law.

[Heller et al.| (2012)) experimentally investigated for the first time landslide-
tsunamis in different water body geometries with § = 0 (2D), 15, 30,45, 60, 75
and 90° (3D). They found that the wave heights in the far field in intermediate
geometries were closer to the ones observed in 3D than in 2D. They further
highlighted the need to study the effect of the water body geometry in more
detail with different slide characteristics, wave types and larger water depths to
avoid scale effects (Heller, |2011; Heller et al., 2008).

This was later addressed (Heller and Spinneken, [2015) with a new set of
laboratory experiments in 2D and 3D with tsunamis measured up to a distance
of /h = r/h = 35. The authors presented a novel method to transform wave
parameters (wave height, amplitude and period) from 2D to 3D for a range of
block slide characteristics. Intermediate geometries with 8 = 7.5,15, 30 and 45°
were then purely numerically addressed with Smoothed Particle Hydrodynamics
(SPH) (Heller et al.,[2016)). This provided new physical insight into the effect of
the water body geometry for propagation distances r/h < 7.5. Larger distances
could not be investigated due to the large computational cost of SPH.

Fig. 2| shows a scheme of the division between the wave generation and wave
propagation zones of a landslide-tsunami. The wave generation zone (dashed
area), with coordinate system z and (r, v) from the slide impact, is where the
momentum transfer between the landslide and water occurs (Mulligan and Takel
2017; Zitti et al., |2016)). This zone is excluded from this study ensuring that the
tsunamis are reasonably stable in the simulations. Two new sets of coordinate
systems ¢’ = x 4+ dp; and (' = r 4+ dpr,7y) with dps as the coupling distance
(Section are also chosen to define the wave propagation zone considered in
the present study.

Herein, the landslide widths in all geometries are defined as the finite wave
source width in 2D in order to relate the findings from all geometries to 2D.
In 2D it is possible to quantify the effect of free components travelling with
their own celerity (this process is referred hereafter as frequency dispersion) on
waves generated by a landslide rather than idealised waves. Comparison with
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laboratory experiments (Heller and Hager| |2011]) will help to reveal this effect
for each wave type. However, in the intermediate and 3D geometries this is not
possible as lateral energy spread (i.e. diffraction) is present. Therefore, due to
the non-linearity of the problem, it is not possible to separate the contribution
of the lateral energy spread from that of frequency dispersion.

Because the wave source used is of finite width, diffraction theories
and Stelzriedel, 1952 [Lamb|, [1945; [Morse and Rubenstein|, [1938; [Penney et al.l
1952) could be used to validate the numerical simulations of this study. These
theories are formulated to calculate the wave propagation of a linear wave be-
hind a gap. This problem shows similarities with landslide-tsunamis with the
slide, i.e. a wave source, of width corresponding to the gap width. Only the
solution of |Carr and Stelzriede] (1952) is considered herein because the validity
range of this theory is compatible with landslide-tsunamis (b'/L < 0.5) and it
depends on both " and ~'.

When idealised waves were considered, wave trains, rather than wave pack-
ets were simulated. This was done for two reasons: first this is more similar to
actual tsunami propagation and, second, it avoids spurious numerical solutions
due to propagation of isolated waves or packets in still water. Finally, this study
excludes shore and other depth related effects such as reflection and depth trap-
ping of the tsunami (Bellotti et al.| 2012) and edge waves (Couston et al.l 2015;
Heller and Spinneken), 2015; Romano et al. 2013) which in combination with
the impact on the coast may alter the tsunami characteristics.

Coupling
distance d,,

Wave
> propagation

Landslide s Wave

________ + generation

Figure 2: Scheme of the wave generation and propagation zones.

1.3. Numerical modelling

Subaerial landslide-tsunamis are challenging for numerical modelling. To
overcome the difficulty in simulating wave generation and far field propagation
at the same time, these two processes are usually divided using two numer-
ical methods that are subsequently coupled (Abadie et all [2012; [Tan et al.|




142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

2018)). Suitable options for the wave propagation are NHWAVE (Ma et al.,
2012), FUNWAVE-TVD 2012)), XBeach (Roelvink et al. 2010) and
SWASH (Zijlema et al., 2011).

SWASH, which is based on the non-hydrostatic Non-Linear Shallow Wa-
ter Equations (NLSWEs), was chosen in the present study. SWASH is able to
simulate frequency dispersion accurately with a small number of layers (e.g. 2)
by using a compact difference scheme, and can be run in parallel. SWASH has
also been successfully coupled with SPH for wave propagation from off- to on-
shore (Altomare et al., [2015)) and to study hypothetical landslide-tsunamis at

Es Vedra, offshore Ibiza (Tan et all [2018]).

1.4. Aims and structure

The present study aims to:

e Enhance the physical understanding and modelling of the effect of the wa-
ter body geometry on tsunami propagation based on numerical modelling
of approximate linear, Stokes, cnoidal and solitary waves in 2D, 3D and
intermediate water body geometries,

e Provide insight on the effect of frequency dispersion on landslide-tsunamis,

e Provide new semi-theoretical equations accounting for the effect of the
water body geometry to support landslide-tsunami hazard assessment.

The remainder of this article is organised as follows. In Section 2 the theoreti-
cal background of SWASH, the numerical setup, the boundary conditions and
the calibration and validation are described. The wave propagation in idealised
geometries for both idealised and real (dispersive) waves, the wave height de-
cay and the lateral wave energy spread are presented in Section 3 along with
semi-theoretical equations. In Section 4 the results are analysed and the 2014
landslide-tsunami case in Lake Askja is used as computational example. Finally,
Section 5 highlights the main conclusions and future work.

2. Methodology

2.1. SWASH

SWASH v4.01 (Stelling and Duinmeijer, 2003; |Stelling and Zijlemal, 2003;
|Zijlema and Stelling), {2005} Zijlema et al., 2011)) was used in the present study.
Only the governing equations used to solve the equations in 2D and 3D geome-
tries, where a regular grid is used, are presented hereafter for simplicity. For
the remaining intermediate geometries the equations are solved for a curvilinear
grid.

SWASH solves the depth averaged non-hydrostatic NLSWEs with the con-
tinuity and momentum equations written as

an n odu n odv
ot oz’ Oy

0 (1)
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(3)
where t’ is the time, 2/, ¥’ and 2’ are the coordinates located at the mean still wa-
ter level (SWL), h(z',y’) is the still water depth, n(2’,y’,t’) is the water surface
elevation from the SWL and d = h 4 7 is the total water depth. @ and v are the
depth-averaged flow velocities in the two main directions. Ty, Tpryr, Tyre and
T,y are the horizontal turbulent stresses, ¢y is the bottom friction coefficient
defined by Manning’s formula (Zijlema et al.l 2011]) and g is the gravity accel-
eration. ¢(a’,y’, 2/, t') is the non-hydrostatic pressure term of the total pressure
p defined as (Zijlema and Stelling, [2005))

pe=9n—=2)+a=pn+q (4)
where py, is the hydrostatic pressure. Egs. to were expanded in |Stelling
and Zijlema/ (2003)) to the multi-layer case applied herein. The computation of
the integral of the non-hydrostatic pressure gradient in Egs. (2)) and ( . is in-
troduced in |Zijlema et al| (2011), where the free surface boundary condition
of the non-hydrostatic pressure is ¢ |,= 0 and at the bottom it is defined by
applying the Keller-Box method. Then, the vertical velocities at the free surface
ws and at the bottom w; are introduced with the momentum equation along
the vertical direction. Here, the vertical acceleration is defined at every time
step from the non-hydrostatic pressure. Finally, combining the vertical momen-
tum equations with the non-hydrostatic pressure equation at the bottom and
using the kinematic bottom boundary condition w, = —udh/dx’ —wdh/dy’, the
conservation of local mass results as

ou 0 ws—wy

ox' oy d
Eq. closes the system of equations and allows, together with the boundary
conditions, to solve Eqs. to .

Time integration is carried out with the explicit method relying on the
Courant-Friedrichs-Lewy (CFL) condition and the wave celerity that is avail-
able in SWASH. Here only the condition for 2D simulations is illustrated as the
most relevant one. The Courant number C,. is defined as

1
C.=At (\/ +Vu? +v2> AL Ay’2 <1 (6)

where Az’ and Ay’ are the distances between two grid points in the z’ and 3’
directions. To calculate the time step, a minimum and maximum C,. threshold

=0 (5)
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can be applied in the simulation in order to accurately control the convergence
of the solution.

2.2. Numerical setup

0.6 m 0.6 m

(@ o ()

7.5°

28.3m

Figure 3: Investigated water body geometries in the far field modelled with SWASH: (a) 2D
(@ = 0°), (b) 6 =7.5° (c) & =15°, (d) 0 = 30°, (e) & = 45° and (f) 3D (0 =
90°, the horizontal dimension is reduced in scale in this sketch due to lateral space
constraint). The grey sections are the wave generation zones between the near and
far fields.

The numerical domains used here cover the range from 2D to 3D (Fig. [3]),
based on the geometries used in Heller et al.| (2016)). The 2D geometry (Fig. )
consists of a 28.3 m long and 0.6 m wide flume while the 3D geometry (Fig.
3b) spans a domain of 28.3 m x 64.0 m. Intermediate geometries are defined
using divergent side walls with angles of § = 7.5,15,30 and 45° (Fig. [3b-e).
Geometries with § > 45° were excluded as previous research (Heller et all, 2012}
Heller and Spinneken, 2015) showed no substantial differences of the maximum
wave parameters in these geometries in relation to the 3D case. The basin width
of these intermediate geometries is increasing with 0.6 + (2r'tanf) m. Each
intermediate geometry was modelled with a rounded downwave boundary with
radius ' = 28.3 m to allow for a more even distribution of the cells in this zone.




21 The bathymetry was flat for all investigated cases and numerical wave gauges
22 were placed at the relative distances and angles shown in Table

Table 1: Locations of the numerical wave gauges.

Geometry  Relative distance z’/h or 7/ /h (-) Wave propagation angle 7/ (°)
2D 3.0, 5.0, 7.5, 10.0, 15.0, 22.5, 35.0 0.0°
7.5 3.0, 5.0, 7.5, 10.0, 15.0, 22.5, 35.0 0.0°, £7.5°
15.0° 3.0, 5.0, 7.5, 10.0, 15.0, 22.5, 35.0 0.0°, £7.5°, +15.0°
30.0° 3.0, 5.0, 7.5, 10.0, 15.0, 22.5, 35.0 0.0°, £7.5°, £15.0°, £22.5°, £30.0°

0.0°, £7.5°, £15.0°, £22.5°, £30.0°, £37.5°

o
45.0 3.0, 5.0, 7.5, 10.0, 15.0, 22.5, 35.0 24500

0.0°, £7.5°, £15.0°, £22.5°, £30.0°, £37.5°

3D 3.0, 5.0, 7.5, 10.0, 15.0, 22.5, 35.0 +45.0°, £52.5°, £60.0°, £67.5°, £75.0°, £82.5°

223 The 2D and 3D geometries were defined with a regular Cartesian grid while
24 the intermediate ones were defined with an orthogonal curvilinear grid created
2s in the RGFGRID v5.0 of the Delft3D software suite. These grids were then
26 exported and reformatted using MATLAB to create input files readable by
2z SWASH. The coordinate system for the grid creation was defined with z/ = 0
»s  at the wave generation boundary with positive values in the main wave propa-
20 gation direction. The origin in the y’-direction was defined at the centre of the
20  wave source. The wave source in all domains was 0.6 m wide. For the results,
a1 polar coordinates (r/,+') with the origin at the centre of the wave source was
.2 used, with 7’ as the radial distance and v’ as the wave propagation angle with
233 the results interpolated from the grid nodes.

234 Furthermore, the calibration was performed using a water depth of 0.6 m in
25 all geometries based on the experiments of Heller and Hager| (2011). The nu-
236 merical code was compiled with the Intel compiler 2017 and Intel-MPI libraries
27 for the use with multiple processors using the Message Passing Interface (MPI)
28 protocol. The model divides the computational domain in subdomains to solve
239 the equations with multiple cores. A stripwise decomposition method along the
20y’ —axis was chosen. Other methods (orthogonal recursive bisection and stripwise
21 along the z’-direction) resulted in inconsistencies in the solutions. The Univer-
2 sity of Nottingham High Performance Computing (HPC) cluster Minerva was
23 used to perform the simulations. A simulation time of 60 s in the 3D geometry
20 with a grid resolution of Az’ = Ay’ = 2.5 ¢cm took approximately 35 hours of
25 real time using 40 Central Processing Unit (CPU) cores and 10 GB of random
26 ACCESS MEemory.

a7 2.83. Boundary conditions

28 All tests for the calibration and validation of the model were performed by
29 providing time series of linear waves as boundary conditions, allowing for a di-
0 rect comparison with diffraction theory. A wave height of H = 0.040 m, a water
1 depth of h = 0.600 m and a wave period of T' = 0.876 s were used resulting in
22 a wavelength of L = 1.19 m according to linear theory (Table . These con-
3 ditions result in approximate linear waves. The first waves were disregarded in
4 the analysis to include only steady wave heights.
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Previous studies (e.g. [Heller and Hager| [2011; |Panizzo et al., |2005)) showed
that different slide scenarios lead to different wave types and decay character-
istics. For this reason, after calibration and validation, the non-linear Stokes
[1985)), cnoidal and solitary waves (Boussinesq, 1872)
were also reproduced and analysed herein. All wave parameters are summarised
in Table [2| with a as the amplitude and ¢ as the celerity. Bores were excluded
because it is unlikely that they are observed in geometries other than 2D
land Spinneken| 2015). Note that in the following the definition H = a + a; ap-
plies, which reduces for linear waves to H = 2a, with a; as the wave trough.
The conditions for each wave type presented in Figs. 4 (Stokes-like waves), 6
(cnoidal-like waves) and 8 (solitary-like waves) of [Heller and Hager| (2011) were
reproduced by using the measured wave parameters in the corresponding wave
theory. A time series of the water surface was calculated for each wave type
and used as input for SWASH over a finite wave generation boundary ' = 0.6
m. The wave velocity at the boundary was solved by SWASH as previous work
showed the accuracy of this approach (Ruffini et al., [2019). A ramping up func-
tion was added to smooth the initiation of the simulations to avoid numerical
instabilities.

Table 2: Wave theories used in this study with the wave parameters measured in |[Heller and

e GO1)
Wave theory h(m) H(m) T() L(m) a(m) c(m/s)
Linear 0.600 0.040 0.876  1.190 - -
5™ order Stokes (Fenton) |1985) 0.600 0.100 1.000 1.530 - -
5% order cnoidal (Fentonl 1999) 0.300  0.155 1.740 2.830  0.110 1.630
15 order solitary (Boussinesq) [1872)  0.300  0.159 - 2.823  0.159 1.969

The wave generation boundary was defined through a segment at '’ = 0 m
using a weakly reflective boundary condition (Blayo and Debreu, [2005)). This
formulation assumes a wave direction perpendicular to the boundary with an
incident velocity u; defined by

m=i¢$m—m )

including the surface elevation signal of the incident wave 7;. In addition, all
the lateral walls are represented by closed boundaries with zero flux velocity
(Stelling and Zijlema), [2003). To avoid wave reflection from the downwave end
of the domain, a sponge layer (Dingemans, [1997) with a length of at least 3
times L was used in all geometries and additional lateral sponge layers were
used in the 3D geometry (Fig. .

Finally, for the bottom friction a formulation based on Manning’s roughness
coeflicient n was chosen to compute the bottom friction coefficient c; as

2

n’g
¢ = T8 (®)

10
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In the present study, n = 0.009 s/ml/ 3 for glass was chosen for all geometries
to mimic the 2D experimental conditions in [Heller and Spinneken| (2015)).

(b)

Wave
source
Wall widin Wavefront

width I||||||| \_)4—/ length /,,
I
|

4 layer Sponge layer

ﬂ' F Sponge
"il'i

Figure 4: Three-dimensional schema of waves in (a) 2D and (b) 3D.

2.4. Calibration and validation

The calibration was performed to optimise the computational grids. The
grids followed the guidelines with respect to orthogonality,
smoothness, aspect ratio and minimum number of grid per wavelength. The
orthogonality defines the difference of the angles between crossing grid lines
from 90° where zero corresponds to orthogonal. This value was less than 0.04
everywhere in the computational domains. The smoothness parameter defines
the variation in size of two adjacent cells and a value of <1.1 was used. Fur-
thermore, the aspect ratio takes the difference in length between the opposing
sides of a cell into account. Negligible differences in the rate of convergence of
the solution were noted with maximum ratio in the order of 10 at the wave
generation boundary as the values rapidly decrease with distance from the wave
source. The number of grid points per wavelength was at least 45. This is a finer
resolution than in van Vledder and Zijlema, (2014) who used 25 grid points per
wavelength resulting in good agreement with theory in SWASH for diffraction
at a semi-infinite breakwater.

The 3D geometry with approximate linear waves was used to investigate the
convergence for Az’ = Ay’ = 2.5,5.0 and 10.0 cm and the symmetry (Appendix
of the solution. Approximate linear waves were used as they resulted in the
smallest number of grid points per L among the wave types considered in this
study. Fig. |5| shows the water surface at r'/h = 3.0 and 35.0 for all chosen grid
resolutions indicating convergence for 5.0 cm. The final resolution was set to
2.5 cm to also satisfy the minimum value of grid points per L. SWASH matches
higher order dispersion relations depending on the number of layers over the
water depth. Higher values of kh, with k as the wave number, require a larger
number of layers which shows indirectly the importance of wave dispersion for
different kh values. 2 layers were chosen which results in a maximum error of 1%
with kh < 7.7 2016). Linear and Stokes waves were simulated using

an higher order upwind discretisation scheme for the vertical advection term
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of the T-momentum equation, while the default 15 order upwind scheme was
used for cnoidal and solitary waves. This was only necessary to reduce numerical
dissipation, observed in the Stokes and linear wave propagation for the default
scheme, particularly in 2D .
A further validation was performed with the diffraction theory of [Morse and
ubenstein| (1938), by solving the application derived for water waves by @
and Stelzriede| (1952). This theory was chosen as it includes the variability of
the solution with 4" and it applies to b’ /L < 0.5, which is compatible with most
landslide-tsunamis. The results in 3D for the approximate linear waves are com-
pared to this theory for validation, as the diffraction theory is based on linear
waves. The comparison is shown in Section [3.1.2] and the computation of the
diffraction theory is explained in Appendix

(a) N N
y . /

t/T

Figure 5: Wave profile convergence tests for approximate linear waves in the 3D geometry at
(a) "/h = 3.0 and (b) r'/h = 35.0.

3. Results

3.1. Idealised waves

8.1.1. Water surface time series

n for all idealised wave types was investigated in all geometries. Figs. [6] [7] and
show the relative water surface elevation n/h over 5T at 4 different +'/h. The
profiles shown in Fig. [] are obtained for approximate linear waves in deep water
with 2/L = 0.50 and a weak non-linearity H/h = 0.067. Fig. [f] shows how the
water body geometry affects the waves. By comparing the wave profiles in 2D
to the ones in the 7.5° geometry at r’'/h = 3.0 (Fig. [fh) only a relatively small
difference is observed. This ratio progressively increases also with the angle 6
resulting in the smallest waves in 3D. The ratio of the wave heights between 2D
and all other geometries also progressively increases with relative distance (Fig.
[bb.c). At +'/h = 35 (Fig. [Bld) the ratio between the waves in the 2D and 7.5°
geometries is a factor of 3.2 and between 2D and 3D even a factor of 7.8.
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Figure 6: Relative water surface elevation n/h versus time normalised with the wave period
t'/T for linear wave input in all geometries at different relative distances r’/h.
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Figure 7: Relative water surface elevation n/h versus time normalised with the wave period
/T for 5° order Stokes waves in all geometries at different relative distances r//h.
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Water surface time series for Stokes waves characterised by a ratio h/L =
0.39 are shown in Fig. El at r'/h = 3.0, 7.5, 15.0 and 35.0. The Stokes wave
heights in Fig. [fd show differences of a factor of 2.8 between the 2D and 7.5°
geometry and 8.4 between 2D and 3D. The simulated cnoidal waves are shown
in Fig. [8| with h/L = 0.10, which propagate in shallower water than Stokes
waves. At r'/h = 3.0 (Fig. [8h) in the geometry § = 15° a secondary peak in
the wave troughs starts to develop which becomes larger with increasing 6. This
is associated with frequency dispersion resulting in an additional shorter wave
as shown in Fig. Bp-d with a different celerity relative to the primary wave.
At r'/h = 35 all the dominant waves, except the one in 2D, show a decrease
in celerity with decreasing wave height. In Fig. the ratio between the wave
heights between the 2D and 6 = 7.5° geometry is 2.5 and between 2D and 3D
it is 6.5, which is smaller than for Stokes waves (Fig. [7)).

04
T T T T
(@) ) —2D@=09 — -0=-75 0=15°
< 02t /;\1 N —--9=30° — - 6=45 —— 3D (6=90°
= 0.0 Y 7 3
/b =30 s L d
-0.2 I I I 1

nlh

tIT

Figure 8: Relative water surface elevation n/h versus time normalised with the wave period
t/ /T for 5*" order cnoidal waves in all geometries at different relative distances r//h.

The results for the solitary waves are shown in Fig. [)] The solitary wave
profile is preserved at all relative distances in 2D. In all other geometries an
increasing tail in both amplitude and length is formed at //h = 3.0. Further,
the wave profile ratio between 2D and 3D at '/h = 35.0 is a factor of 7.0
matching the results of Heller and Spinneken| (2015)). The ratio between a and
ay is clearly changing with ' /h affecting the main wave characteristics. For the
wave in 3D the ratios a/a; decrease from 2.3 at v’/ /h = 3.0 to 1.1 at ' /h = 35.0
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(Fig.[90). For the other geometries at r’/h = 35.0 the ratios a/a, are 3.8 for 7.5°,
2.6 for 15°, 1.8 for 30° and 1.5 for 45°. For comparison, at r//h = 3.0 the ratios
are a/a; = 11.8, 8.2, 6.0 and 4.5 for § = 7.5°, 15°, 30° and 45° respectively, with
an almost constant difference of 3 times the values found at r’/h = 35.0. This
shows that the waves approach the value a/a; = 1, which is characteristic for
linear waves, with both increasing 6 and distance. This illustrates that the water
body geometry not only affects the wave decay but also the wave non-linearity.

0.6 . .
a
0.4f )

202

0.0

I I
— 2D (=0 — - 6=75° 0=15°
—-- =30 -~ 0-45° 3D (6=90°

0.6
041

~

202

0.0

0.6
041

~

202

0.0

0.6 T T T T

(d)

0.4

<
02r

0.0 #"7h=35.0
+:::::::} |
0

80 100

(g/h)"”

Figure 9: Relative water surface elevation for 15% order solitary waves in all geometries at
different relative distances r’/h.

8.1.2. Wave height decay

The wave height H was calculated as the average over 5T (apart from the
solitary wave). Values were calculated for all wave types and geometries at the
locations shown in Table Fig. shows H/h for cnoidal waves over the relative
distance for each geometry for v/ = 0°. This clearly confirms the increasing
decay of H with 6 as highlighted in Section The wavefront length [,, was
identified as an excellent parameter to link the wave decay of the idealised waves
across all water body geometries. The waves propagate with semi-circular fronts
from the source. For a linear wave Ecg4l,, = constant, I being the mean energy
density per unit area and ¢, being the group velocity. Given that h is constant in
all simulations the previous relationship reduces to Fl,, = constant. In addition,
if the source width ¥’ is relatively small, it can also be approximated as a line.
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The values of [,, are then calculated for the numerical results as

Lo(r',0) =V + 2r'0,44 (9)
with the radial distance 7’ and the water body side angle 6,4 in radians. The
resulting values based on Eq. @D are shown in Table for each wave type.

This parameter l,, normalised with the water depth h (i.e. l,,/h) is used to
correlate H/h for all idealised wave types in Fig.

0.55 ‘
ek x X * *
| % 2D (0=0°)
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035t Lo ¥ O 0=30°
< f * B 0-45°
= o * WV 3D (6 = 90°)
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v v v :
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0.05 ‘ ‘ ‘
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r'lh

Figure 10: Relative wave height H/h decay with relative radial distance //h for the 5" order
cnoidal waves in all geometries.

Fig. |11| shows H/h versus l,,/h for all wave types with the wave heights in
different geometries highlighted with different markers. The diffraction theory
from |Carr and Stelzriede| (1952) using Eq. is plotted as a dashed black
line. Furthermore, Green’s law was included as

H(r',0)=H(r'=0,0 =0°) (M)lp (W)IM, (10)

where H(r’,0) is the wave height in function of ', L, (+/,0) and h(r') are the
associated wavefront length and water depth, respectively. H(r' = 0,0 = 0°) is
the wave height at the source in 2D and b is the source width. In the idealised
geometries h(r’') is constant, such that the last term on the right-hand side
of Eq. reduces to 1. This equation can easily be applied by known wave
characteristics at the source in 2D. The results for each wave type are then
tested with the normalised Root Mean Square Error

N
\/% Zi (ypred7i - ynum7i)2

(ynum,maa: - ynum,mzn)
where Ypreq,i is the i-th sample of the predicted parameter and ¥ym,i is the
corresponding numerical value. N is the number of considered samples, Ynum,maz

nRMSE =

(11)
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and Ynym,min are respectively the maximum and the minimum numerical values
in the range considered (nRM SE = 0 represents perfect agreement). A similar
equation to Eq. can be obtained for the linear wave amplitude
by replacing H with the positive wave amplitude a in Eq. resulting

a(,0) = a(r’ = 0,0 = 0°) <M)W ("(Z(:)O)YM. (12)

Note that Eq. will be applied to non-linear waves as a simplification
hereafter. Fig. shows that all H/h for approximate linear waves in all ge-
ometries, apart from 3D, collapse on one curve corresponding to Green’s law.
Diffraction theory (Appendix under-predicts the wave height decay in the
intermediate geometries but perfectly agrees with the wave heights observed in
3D, given that this theory is based on linear waves for very similar 3D conditions

(Section [1.2)).
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Figure 11: Relative wave height H/h decay with l,,/h for (a) approximate linear waves, (b)
50 order Stokes waves, (c) 5*" order cnoidal waves and (d) 15 order solitary waves
in all investigated geometries compared to Green’s law (Eq. (I0)) ((a) nRMSE =
0.06, (b) nRMSE = 0.06, (¢c) nRMSE = 0.05, (d) nRMSE = 0.08) and diffraction

theory (Eq. (B.2)).
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For Stokes waves shown in Fig. [[Ip, the diffraction theory under-predicts
the wave height decay in all geometries, which is not surprising given that the
considered theory is based on linear wave theory. Fig. shows a similar decay
curve for cnoidal waves. In this case the data move further away from diffraction
theory. For example, at l,,/h = 20 the ratio between the numerical values and
the values calculated by diffraction theory (Carr and Stelzriede, 1952) is 0.56
(Fig. [11f). This difference appears to be very sensitive to the ratio b'/L used to
calculate Eq. ; larger ratios (Fig. , b) result in a closer agreement with
the simulated results than smaller ratios (Figs. [L1).

Fig. shows the wave decay for solitary waves. The data scatter relative to
Green’s law in the range 6 < [,,/h < 40 is larger than for the other wave types.
For l,,/h < 6 and l,,/h > 40 there is still a close match between the data and Eq.
. The largest difference from Green’s law is found for the 3D geometry with
up to 40% difference in wave height. Fig. shows the corresponding results
for the wave amplitudes, as for the wave heights shown in Fig. [[T} compared

with Eq. (Appendix [C]).

3.1.3. Lateral wave energy spread

In this section the lateral wave energy spread for each wave type is inves-
tigated. The wave height is investigated with a resolution of Ay’ = 7.5° at
different //h.
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Figure 12: Relative wave heights H/h for Stokes waves as a function of the propagation angle
~" and the relative radial distance r’/h for (a) 2D (0 = 0°), (b) 0 = 7.5°, (c)
0 =15°, (d) 6 = 30°, (e) 6 = 45° and (f) 3D (6 = 90°).
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Fig. shows the spatial distribution of the wave heights for the 5 order
Stokes waves (the other wave types are shown in Appendix @[) with different
' /h values represented by different grey shades. The lateral wave decay becomes
important with increasing 6. Fig. [I2f shows that the maximum wave heights at
~" = 0° are 20 — 34% larger than at ' = +82.5°.

Green’s law is used to correlate the lateral decay of H with the propagation
angle 7/ in all investigated geometries. Fig. [L3|shows H normalised by using Eq.
(10), on the y-axis, over the wave propagation angle ~ for all simulated wave
types. Green’s law is represented by a blue circle.
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Figure 13: Lateral wave decay for (a) approximate linear waves, (b) 5" order Stokes waves,
(c) 5*" order cnoidal waves and (d) 15 order solitary waves for all investigated
geometries, compared to Eq. (13).

The decay term cos? (v//3) is inspired by Heller and Spinneken| (2015) and
Huber and Hager (1997) where cos?{1+expl=0-2("/R)I} (24/3) and cos? (2/3), re-
spectively, have been found for experimental data based on the 3D geometry.
The value 2/3 is reduced to 1/3 herein to better represent the data. This smaller
lateral wave decay is associated with the lack of slide momentum in the far field,
where the present results apply, in contrast to Heller and Spinneken| (2015) and
Huber and Hager| (1997)) involving also the near field with a larger lateral de-
cay. To reproduce the lateral decay trend in the far field, the empirical term
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s cos? (9//3) is added to the theoretical Eqs. and (12) resulting in

H(r'.+,6 v \Y? H(G =04 =0°0=0° 04
) Pt (3) 09

a(r’',y', 6 b 1/2 a(r' =0, =0°,0=0° v
( h )/<l (7,/ 0)) :ﬁ ( h )0052 3 (]_4)

2 where H(r',~',0) and a(r’',v’,0) are the wave height and amplitude at the po-
w3 sition 7' and 7/, 1,,(r’,0) the corresponding wavefront length (Table and
we H(r'=0,7v=0°0=0° and a(r' = 0,7 = 0°,0 = 0°) are the 2D wave height
ss5  and amplitude, respectively. The water depth A = constant is maintained in Eqs.
456 and to keep the equations in dimensionless form. An empirical pre-
w7 factor can be applied to H(r' = 0,7 =0°,0 = 0°) and a(r’ = 0,7 = 0°,0 = 0°)
8 to determine the upper envelope (S ) and the best overall fit (3) of the numerical
w0 data. 3 is based on the smallest n RM S FE, which together with the corresponding
wo % scatter are summarised in Table [3] for both H and a.

Table 3: Pre-factors for wave height H (Eq. ) and wave amplitude a (Eq. ) for each
investigated wave type. The upper envelope is determined with Sg and the best
overall fit to the data in Fig. @ with 8.

H a

Wave theory BE B8 (nRMSE) + scatter BE B8 (nRMSE) + scatter

Approximate linear  1.36 - - 1.36

5% order Stokes 1.25 1.10 (0.17) +13%, —14% 1.18 1.01 (0.14) +17%, —14%

(
5% order cnoidal 1.27  1.03 (0.16) +23%, —12% 1.09  0.85 (0.21) +26%, —39%
15% order solitary 1.61 1.20 (0.21) +36%, —21% 1.14  0.84 (0.23) +36%, —38%

461 The black curve in Fig. represents Eq. with 8 = 1, the red line
w2 with g and the dashed line with 8. For the approximate linear waves, only
w3 the line with Sg is presented as the main purpose to include this wave type
s« herein is to link the numerical results to theory rather than to predict landslide-
w5 tsunamis, given that they are generally not linear. Stokes waves result in the
ws smallest Sg = 1.25 for H requiring only 25% increase from the semi-theoretical
w7 expression to reach the upper envelope. The best fit is achieved with § = 1.10
ws  with a data scatter of +13% and —14%. For cnoidal waves (Fig. [13k) g = 1.27
wo and § = 1.03 with a data scatter of +23% and —12%. Finally, the solitary waves
w  (Fig. ) result in the largest difference between the black and the red curves
s with Bg = 1.61 and 8 = 1.20 with a data scatter of +36% and —21%. For the
a2 solitary wave the black curve corresponds simultaneously to a lower envelope
a3 of the values. This is already indicated in Fig. where all points lay above
s Green’s law. The corresponding values for the wave amplitude a for each wave
a5 type are also shown in Table [3] In this case the best fit is always achieved for
a3 < 1, except for Stokes waves, while 8g > 1. Fig. shows the corresponding
a7 data.

20



478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

Fig.[I3p-d allow for a semi-theoretical prediction of idealised tsunami heights
for all investigated wave types, geometries and locations. These predictions take
the effect of the water body geometry into account as well as bottom friction.
However, they are based on idealised wave types, which propagate as wave trains
of constant H, unlike real tsunamis. This creates differences in wave propagation
which are investigated in Section based on experimental wave profiles.

8.2. Laboratory waves

Simulations of waves measured in the laboratory experiments of [Heller and
Hager| (2011)) were carried out to quantify to which extent frequency dispersion
affects wave decay in 2D. The 2D geometry was chosen as it excludes the lateral
energy spread and the wave decay may fully be attributed to frequency disper-
sion, if bottom friction is neglected. Experimental measurements (Heller and
Hager}, 2011) are compared with SWASH simulations based on both idealised
time series essentially excluding frequency dispersion (Section and real time
series based on the same study.

8.2.1. Coupling criterion

To perform this comparison between idealised and laboratory waves, a crite-
rion for the coupling location corresponding to the boundary between the wave
generation and propagation zones (Fig. [2) is required. The impact radius r; from
Evers et al.| (2019) and the location of the maximum wave amplitude zj; from
Heller and Hager| (2010|) are considered. These criteria are given as:

ri(y = 0°) = 2.5[PB cos(6/7a)]*/*h (15)

zar = (11/2)PY/2h. (16)

P = FSY2MY*[cos(6/7a)]'/? is the impulse product parameter (Heller and
Hager) |2010), B = b/h the relative slide width and « the slide impact angle. P
includes the slide Froude number F= V/(gh)'/? with the slide centroid velocity
Vs at impact, the relative slide thickness S = s/h with the slide thickness s at
impact and the relative slide mass M = mg/(p,,bh?) with the slide mass m, and
the water density p,,. The coupling locations based on Egs. and move
further downstream for more violent slide impacts and wave generation. Both r;
and xp; depend solely on the landslide parameters, which are anyway required
for landslide-tsunami hazard assessment. The slide parameters and the potential
coupling locations, computed with Egs. and for each investigated wave
type, are summarised in Table [

To work on the safe side, the coupling location is selected at the wave gauge
located downwave of both r; /h and x s /h. The first wave gauge position of|Heller
and Hager| (2011)) that satisfies dp;/h = x/h > max(r;/h; 2pr/h) is also included
in Table [4] This position was chosen as coupling location and wave generation
for both simulations based on the laboratory time series and idealised waves.

21



Table 4: Slide parameters and coupling locations based on Egs. and for each wave
type.

Wave type B S M F @ P Eq. (]ED Eq. (]@ coupling location

Stokes-like  0.50 0.23 0.11 1.36 45° 0.33 1.50 3.16 x/h = 4.55
Cnoidal-like  0.50 0.40 0.45 2.27 45° 1.03 1.99 5.58 xz/h = 8.10
Solitary-like  0.50 0.81 0.90 3.77 90° 1.55 1.61 6.85 x/h = 8.57

sis  3.2.2. Effects of frequency dispersion

516 Figure shows the wave profiles at 3 different positions for a Stokes-like
si7 landslide-tsunami. The decay of the idealised waves is negligible whereas both
s the laboratory and the real time series show a similar decay. This shows that
si9 the primary wave decay for Stokes-like waves in 2D is mainly caused by fre-
s0 quency dispersion as indicated by the increase of the tail waves in Fig. [[4h to
s ¢. Frequency dispersion is negligible for idealised waves where the wave profiles
s» remain stable. To quantify frequency dispersion the ratios a;/a. and H;/H, are
s3  calculated, with a; and H; as the wave amplitude and height at the last wave
=24 gauge position (Figs. [14k, [15k, [16f) in[Heller and Hager| (2011)) and a. and H, as

s»s  the wave amplitude and height at the coupling location. These ratios are given
526 1N Table

Heller and Hager (2011) H
---------- SWASH with real time series
- — - SWASH with idealised waves H
N - N

0 20 40 60
t(g/h) 12

Figure 14: Comparison of 2D laboratory measurements of Stokes-like waves, real time series
and 5% order idealised Stokes wave SWASH simulations: relative water surface
elevation n/h at different relative distances x/h.

527 Similar values of a;/a. = 0.66 and 0.73 are found for the laboratory mea-
ss surements and real time series simulations, respectively, confirming the capabil-
s20 ity of SWASH to simulate frequency dispersion reasonably well for Stokes-like
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waves. However, for the idealised Stokes waves a value of a;/a. = 0.96 and even
H;/a. = 0.99 is found confirming the small wave decay due to bottom friction.

The cnoidal-like and solitary-like waves are shown in Figs. [I5|and [16] Cnoidal-
like waves decay much slower than Stokes-like waves (Fig. when considering
that the investigated maximum relative distance for cnoidal-like waves is twice
as large. Very similar a;/a. laboratory measurement and numerical ratios for
the cnoidal-like wave profiles are found namely 0.79-0.86 (Table [5)).

T
—— Heller and Hager (2011)
SWASH with real time series | |
bl SW\ASH with idelalise‘d waves

\
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Figure 15: Comparison of 2D laboratory measurements of cnoidal-like waves, real time series
and 5*M order idealised cnoidal SWASH wave simulations: relative water surface
elevation n/h at different relative distances z/h.

However, when considering H;/H. it becomes clear that cnoidal-like waves
are also affected by frequency dispersion. In fact, there is a difference of 12%
between the simulations with the experimental time series (H;/H. = 0.78) and
idealised waves (H;/H. = 0.90). The results for solitary-like waves (Fig.
show an even closer match between laboratory measurements, real time series
and idealised waves than cnoidal-like waves. Equal a;/a. = H;/H. = 0.90 for
real and idealised wave simulations are observed and only a 8% difference to the
laboratory measurements is found.
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Figure 16: Comparison of 2D laboratory measurements of solitary-like waves, real time series

and 15* order idealised solitary SWASH wave simulations: relative water surface
elevation n/h at different relative distances x/h.

Table 5: Wave decay ratios between wave amplitude a; and height H; at the last wave gauge
position in Heller and Hager| (2011)) and the wave amplitude a; and height H. at the
coupling location for each wave type (* measurements affected by reflection).

Gauge at Location of SWASH SWASH

Wave type

Heller and Hager| (2011

coupling location last gauge real time series  idealised waves
ai/ac ([(ai/ac)—1 ]x100)
Stokes(-like) x/h = 4.55 z/h = 12.88 0.66 (—34%) 0.73 (—27%) 0.96 (—4%)
Cnoidal(-like) z/h =8.10 z/h = 24.77 0.79 (—21%) 0.86 (—24%) 0.83 (—17%)
Solitary (-like) x/h =857 z/h = 29.57 0.83 (—17%) 0.90 (—10%) 0.90 (—10%)
Hy/He ([(Hy/ He)—1 ]x100)
Stokes(-like) x/h =4.55 z/h = 12.88 0.51 (—49%)* 0.80 (—20%) 0.99 (—1%)
Cnoidal(-like) z/h =8.10 x/h = 24.77 0.69 (—31%)* 0.78 (—22%) 0.90 (—10%)
Solitary (-like) x/h = 8.57 x/h = 29.57 0.83 (—17%) 0.90 (—10%) 0.90 (—10%)

545

These results show that the contribution of frequency dispersion on wave

s decay changes with the wave type. The mismatch of H;/H, for the laboratory
sev - Stokes-like and cnoidal-like tsunamis is due to wave reflection (Fig. , Fig.
ss [15f) affecting the primary wave trough (Table [f). This confirms that the effect
sa0  Of frequency dispersion on wave decay in 2D decreases with increasing non-
ss0  linearity of the wave type. This further shows that the findings based on the
ss1  idealised waves (Section apply well to landslide-tsunamis in proximity of the
52 shallow-water wave regime (solitary-like waves), but may overestimate landslide-
3 tsunamis closer to the deep-water regime (Stokes-like waves) where frequency
s« dispersion accounts for up to 34% — 4% = 30% of the wave decay.
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4. Discussion

In this section the new findings are discussed in relation to already avail-
able knowledge. The idealised waves essentially address the effect of the lateral
energy spread and neglect frequency dispersion. Laboratory measurements are
compared to the idealised waves propagating in the far field to quantify whether
the effect of the lateral energy spread or frequency dispersion is more dominant.
Further, Egs. and are applied to the 2014 Lake Askja landslide-tsunami
to illustrate the application of the new semi-theoretical equations.

4.1. Relevance of the water body geometry for idealised waves

The ratio '/L and the wave non-linearity H/h were found to be very im-
portant for the effect of the water body geometry as they significantly affect the
wave decay inside a water body and determine how closely the diffraction the-
ory of |Carr and Stelzriede| (1952)) matches the numerical data. This can clearly
be seen by comparing the results in Figs. and Fig. where the Stokes
waves result in a closer match to diffraction theory than cnoidal waves. The
two parameters b'/L and H/h, however, do not seem to affect the match with
Green’s law (Eq. ) that follows all numerical data closely except for solitary
waves in Fig. where the 3D geometry shows a noticeable difference, in the
range 6 < l,,/h < 40.

The water body geometry has also an effect on the observed wave type.
In fact, the solitary wave transforms in a Stokes wave in 3D as indicated by
a/a; = 1.07 in Fig. @i This agrees with Heller and Spinneken| (2015) where
the more energetic solitary and bore-like waves were only observed in 2D and
only Stokes-like and cnoidal-like waves were observed in 3D by identical slide
scenarios.

The effect of the water body geometry for idealised waves was correlated
with [, used in the Green’s law (Eqgs. (10) and (12)). This allows for a much
broader application of the findings of|(Chang et al.| (1979) for solitary waves where
the width of the diverging channel rather than [,, was used. Further, the semi-
theoretical Egs. and were derived to predict the lateral wave decay.
Using these equations, with a different pre-factor S for the upper envelope and
B for the best fit of the data for each wave type, allows for the calculation of
the maximum wave heights and amplitudes in all investigated geometries, for
all propagation angles and distances for idealised waves (excluding frequency
dispersion). Given that for all herein investigated scenarios the idealised waves
produced larger waves than the real waves (including frequency dispersion) in
2D (Table, the semi-theoretical equations in Sectiontend to over-predict
real landslide-tsunamis and tend to work on the safe side.

4.2. Relevance of lateral energy spread and frequency dispersion

Table@shows the ratios a;/a. and H;/H. of the idealised waves. This helps to
separate the contributions of the lateral energy spread and frequency dispersion
on wave decay as the idealised waves essentially consider the former effect only.
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Table [f] also includes the values of Table [l of the idealised waves in 2D for
comparison. All values in Table [f] are lower than the values calculated in Table
indicating that the lateral energy spread is more important than frequency
dispersion, already for § = 7.5°. The differences between the values in Table [f]
and |§| further increase with 6. For example, Table [5, shows a;/a. = 0.66, 0.79
and 0.83 for Stokes-like, cnoidal-like and solitary-like tsunamis in 2D and the
corresponding values for § = 7.5° in Table [0] are 0.46, 0.43 and 0.45. This also
shows that the solitary wave is the most affected wave type by the effect of
the lateral energy spread with a;/a. = 0.14 for 3D (Table [6)) against 0.83 for
laboratory measurements in 2D (Table [5)).

Table 6: Idealised wave decay ratios between wave amplitude a; and height H; at the last
experimental wave gauge position used in Section (Heller and Hager},[2011)) and the
wave amplitude a. and height H. at the numerical wave source (coupling location).

Location of

Wave type last gauge 2D (6 =0°) 0 =17.5° 0 =15° 0 = 30° 0 = 45° 3D (6 =90°)
(z'/h or v'/h)
ar/ac ((ar/a)—1 ]<100]
Stokes 833 0.96 (—4%)  0.46 (—54%) 0.39 (—61%)  0.27 (—73%) 0.23 (—77%) _0.18 (—82%)
Croidal 16.70 0.83 (—17%) 0.43 (—57%) 0.31 (—60%) 0.25 (—75%) 0.23 (—77%) 0.16 (—84%)
Solitary 21.00 0.90 (—10%) 0.45 (—55%) 0.33 (—66%) 0.24 (—76%) 0.20 (—80%)  0.14 (—86%)
H,/H, ([(H;/H.)—1 ]<100)
Stokes 8.33 0.99 (—1%) _ 0.50 (—50%) 0.36 (—64%) 0.20 (—71%) 0.25 (—75%) 0.16 (—84%)
Cnoidal 16.70 0.90 (—10%) 0.59 (—51%) 0.37 (—63%) 0.20 (—71%) 0.26 (—74%) 0.17 (—83%)
Solitary 21.00 0.90 (—10%) 0.50 (—50%) 0.38 (—62%) 0.27 (—73%) 0.21 (—79%) 0.15 (—85%)
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4.8. Computation example

A procedure to predict landslide-tsunamis using Eqs. and is pre-
sented here. The present study only addresses wave propagation, while already
available relationships for the 2D case (Heller and Hager} |2010) allow to com-
pute the maximum wave height and its position in the wave generation zone.
Note that the slide width b’ at the coupling location is approximated with the
slide width b from the impact zone plus an arc section on either side of the
slide (Fig. . This approximation is necessary as a straight line at the cou-
pling location (as in Fig. [3) would converge to infinity with increasing 6. This
approximation also satisfies the energy flux conservation between I, (' = 0,6)
and I, (r',0), which coincides with the assumptions made for Green’s law (Dean
and Dalrymple, [1991)).

The application procedure of Eq. can be summarised with the following
steps:

1. Define the landslide width b, thickness s, mass mg, impact velocity Vi,
slope angle «, density ps, water density p,, and water depth h

2. Evaluate the wave type in 2D using the wave type product T of |Heller
and Hager| (2011])

3. Calculate the maximum wave height H,; for 2D and its position from the
slide impact r = dj
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4. Define 0y and 0, (Fig. at the slide sides to approximate the current
geometry to an idealised one up to v’ = 0 and calculate the wave front
length 1,,(r' = 0,0)

5. Compute H(r' = 0,7 = 0°,0) by applying energy conservation

H(r'=0,7'=0°0) = Hy(r' = 0,7 =0°0 = 0°)[b/l,(+' = 0,0)]"/?
(17)
6. Define 03 and 6, (Fig. at the slide sides to approximate the geometry up
to a desired distance ' > 0, thereby taking any restrictions or expansions
of the water body into account, and calculate 1, (r/, 9)
7. Use Eq. to calculate H(r',~',0) at the desired location.

These steps are illustrated with the 2014 landslide-tsunami event in Lake Askja
in Iceland.

The wave heights are computed at two different positions and compared
with the numerical results of |Gylfaddttir et al.| (2017). The slide parameters
are defined first (step 1). The slope angle is calculated by using the 500 m
distance between the base of the rotational failure and the mean water level
and the elevation difference between the same two points (92 m) resulting in
a = atan(92/500) = 10.4°. The effective friction coefficient is defined as p =
AH/AL where AH = 230 m is the height difference of the slide centroid’s initial
and final positions and AL = 2450 m is the horizontal distance between the same
two points. This results in g = 0.09. This small friction coefficient indicates a
hypermobile slide as observed in nature for large slide volumes exceeding 10% m3
(Pudasaini and Miller, 2013)), which is in line with the slide volume of 10 x 10°
m? (considering a 30% porosity) in the Lake Askja case. The corresponding
impact velocity is Vs = \/2g(sina — picos &) Az = 30.1 m/s (Kérner, |1976) with
Az = 500 m as the distance from the initial position of the slide centroid to
the SWL. This velocity is only 2.6% smaller than 30.9 m/s used by |Gylfadottir
et al| (2017) as best fit for their simulations. The remaining slide parameters
are summarised in Table [7] with the slide mass m, computed based on the slide
volume and a slide density of p, = 2000 kg/m3.

Table 7: Dimensional landslide parameters for the 2014 Lake Askja landslide-tsunami

bm) s(m) a () Vi(m/s) ma(ke) ps (ke/m’) pu (kg/m’) h (m)
550.0 35.5 10.4 30.1 2% 1010 2000 1000 138.0

The wave type product T = S'/3M cos [(6/7)a] = 0.26'/31.91 cos [(6/7)10.4°]
1.21 (Table [§) is calculated to evaluate the wave type (step 2). The wave type
product T for granular landslides is in the range of 4/5F~7/> < T < 11F~5/2
(1.06 < 1.21 < 18.06) for which cnoidal and solitary-like waves are expected
in 2D (Heller and Hager}, |2011)). The former wave type was chosen because T
is closer to the lower boundary of the range where less energetic waves are ex-
pected hence 8 = 1.03 and S = 1.27 are selected.

The maximum wave height Hy; is computed with Hy; = 5/9P*/5h =
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Northing (m)

Table 8: Non-dimensional landslide parameters for the Lake Askja landslide-tsunami

S M F T P dy (m)  Hpyr (m)  apr (m)
026 191 082 1.21 049 531 43.3 34.7

s 5/9-0.49%/°138 = 43.3 m (Table |8) (Heller and Hager, [2010) for 2D with P =
s FSY2MY*{cos[(6/7)a]}'/? = 0.82 - 0.26'/21.91'/%{cos[(6/7)10.4°]} /2 = 0.49
s introduced in Section (step 3). Because the geometry of the Lake Askja is
s7  not symmetrical, different € result on the two slide sides. The wavefront length
s at r = dps is thus calculated using 61 = 32.4°, 6, = 44.1° (Fig. and the
oo slide width b = 550 m resulting in L, (7" = dpar,0) = b+ Or0q,1d0 + Oraa2dm =
s 550 + 32.4(7/180)531 + 44.1(7w/180)531 = 1259 m (step 4). Note that r' in Eq.
671 @D is replaced here with r because the geometry already starts to diverge at
o2 7T = 0 rather than at v’ = 0. Since H); applies to 2D, the observed wave height at
ez the coupling location may be smaller due to lateral energy spread. This is taken
e« into account by spreading the wave energy over the wavefront length resulting
e in H(r' = 0,9 = 0°0) = Hy(r' = 0,7 =0°60 = 0°)[b/l,(r" = 0,0)]"/? =
e 43.3(550/1259)1/2 = 28.6 m (step 5).
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Figure 17: Computation examples for (a) wave gauge 9 and (b) wave gauge 3 of
. The red line highlights the SWL = 1058 m above sea level. The
contours represent a spacing of Az = 30 m in global coordinates with dashed
lines and solid lines representing the terrain elevation below and above the SWL,
respectively.

677 The wave heights are calculated at wave gauges 9 (r = 1970 m, v = 0°)
o and 3 (r = 3440 m, v = 23.7°) (Gylfaddttir et al| 2017). At gauge 9 the
oo wavefront length, again with 7/ replaced by r, is L, = 550 + 19.2(7/180)1970 +
o 44.1(7/180)1970 = 2726 m by using 65 = 19.2° and 64 = 44.1° (Fig. [[Th, step
1 6). O3 is chosen under the consideration of the water body restriction caused
2 by the small island on the left hand side of the slide, which affects the lateral
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es  wave energy spread. Finally, applying Eq. for v = 0° with the pre-factors
¢ 3 =1.03 and Bg = 1.27 (for cnoidal waves, Table [3]) results in H = 20.0 m and
s H = 24.7 m respectively (step 7). These values are close (—10.0% and +11.2%
sss difference, respectively) to the wave height H = 22.2 m found by |Gylfadottir
o7 |et al. (2017)

688 At gauge 3 the wavefront length is [, = 3614 m with 63 = 30.5° and 0, =
0 20.5° (Fig. ) Eq. is applied with v = 23.7° and the pre-factors § =
oo 1.03 and Bg = 1.27 (Table [3) resulting in H = 17.1 m and H = 21.0 m,
s respectively, which in turn underestimate the wave height of H = 26.0 m found
2 by |Gylfadottir et al.| (2017) by 34.2% and 19.2%, respectively. However, such an
e3 underestimation is expected as gauge 3 is located close to the lake shore where
s« shoaling, which is not considered in Eq. , becomes important. Shoaling could
s also be found in combination with other depth and geometry related effects such
s0s as reflection and depth trapping of the tsunami (Bellotti et al.l [2012)), which in
s7 combination with the impact on the coast may alter the tsunami characteristics.
698 The same procedure is applied to calculate the landslide-tsunami amplitude
s using Eq. . Step 1 and step 2 remain the same as for the wave height. In 3 the
20 maximum wave amplitude ap; = 4/9P*/5h = 34.7 m (Heller and Hager, [2010)
7 instead of Hps. Step 4 remains unchanged and step 5 is updated by calculating
72 the wave amplitude resulting in a(r’ = 0,7 = 0,0) = ap(r' = 0,7 = 0°,60 =
w05 0°)[b/ly(r' = 0,0)]'/2 = 22.9 m. Step 6 remains unchanged and in step 7 Eq.
704 is used, with 8 = 0.85 and S = 1.09 (Table [3)). The results for the wave
s amplitude, together with the ones for the wave heights, are summarised in Table
w6 [0} The values are close to a = 13.4 m for gauge 9 and a = 14.2 m for gauge 3
77 found by |Gylfadéttir et al.| (2017)).

Table 9: Calculated wave parameters based on Egs. and compared to the numerically
derived parameters by |Gylfadottir et al.|(2017). In brackets the values (ypred/Ynum —
1) x 100 are shown (* values affected by shoaling).

. H (m) . a (m)
Predicted H (m) (Gylfadéttir et al [2017) Predicted a (m) (Gylfadéttir et al] [2017)
Pre-factor B BE - B8 BE -
gauge 9 20.0 (—10.0%) 24.7 (+11.2%) 22.2 13.2 (=1.5%)  17.0 (+26.8%) 13.4
gauge 3 17.1 (—34.2%) 21.0 (—19.2%) 26.0% 11.3 (—20.4%)  14.5 (+2.1%) 14.2%
08 5. Conclusions
709 This study aimed to enhance the physical understanding of the effect of the

7m0 water body geometry on wave propagation with particular focus on landslide-
1 tsunamis. This aim was motivated by the very limited understanding of this
m2  effect for intermediate geometries between the 2D and 3D geometries. This ef-
n3  fect is associated with two components: lateral energy spread caused by the
74 increasing lateral space with the water body side angle 6 and frequency disper-
75 sion. Idealised water body geometries with increasing § = 0 (2D), 7.5, 15, 30, 45
ns and 90°(3D) of the flume lateral walls were used to simulate idealised and real
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landslide-tsunamis. SWASH, a non-hydrostatic NLSWE model, was used to sim-
ulate propagation in the far field, where the wave is reasonable stable. Approx-
imate linear, Stokes, cnoidal and solitary waves were investigated up to a maxi-
mum distance of 35 times the water depth from the wave generation zone. These
idealised waves in combination with a constant water depth allowed the waves
in 2D to be stable and essentially excluded frequency dispersion.

The results in the 3D geometry were validated with diffraction theory given
that the wave generated by a landslide shows similarities to a wave diffracted
from a wave source of finite width. The wavefront length l,, (Eq. (9)) was found
to be an excellent parameter to link the wave heights of the idealised waves
in all investigated geometries along the slide axis resulting in a close match
with Green’s law (Eq. ) The wave heights outside the slide axes were also
correlated with Green’s law, modified with empirical pre-terms. These derived
semi-theoretical equations can be used to predict the idealised wave heights and
amplitudes in real water bodies based on 2D wave parameters estimated with
the method of |Heller and Hager| (2010)).

It was further investigated how well the results derived for idealised waves
represent real tsunamis including frequency dispersion. Simulations in the 2D
geometry where therefore conducted by using the laboratory landslide-tsunami
time series of [Heller and Hager| (2011)). Lateral energy spread is not present in 2D
such that the wave decay may essentially be attributed to frequency dispersion.
The 2D experiments of Heller and Hager| (2011]) were compared with SWASH
simulations based on experimental time series and idealised waves. An increas-
ing effect of frequency dispersion on wave decay with decreasing wave non-
linearity was observed. This shows that the semi-theoretical equations based on
the idealised waves are more appropriate for landslide-tsunamis in proximity of
the shallow-water wave regime (solitary-like waves), than for landslide-tsunamis
closer to the deep-water regime (Stokes-like waves) (Section .

The wave decay was also found to increase with 6, especially for solitary
waves. In fact, comparing wave heights and amplitudes, the effect of the lateral
energy spread is larger in intermediate geometries and 3D than the effect of
frequency dispersion in 2D. Finally, a calculation procedure to apply the new
semi-theoretical equations to real cases is provided showing a good agreement
of the wave heights (up to —10.0%) and amplitudes (up to —1.5%) for the 2014
Lake Askja tsunami.

Given that the findings in this study mainly support initial landslide-tsunami
hazard assessment, the effect of frequency dispersion may be neglected for
tsunamis in proximity of the shallow-water wave regime (solitary- and cnoidal-
like waves). However, in proximity of the deep-water wave regime (Stokes-like
waves), frequency dispersion accounts for up to 30% of the wave decay and can
not be neglected. The new equations can then still be applied, but will likely
result in an over-prediction of the real waves. This may be acceptable for initial
landslide-tsunami hazard assessment given that the predicted wave parameters
are on the safe side if depth and shore effects are excluded.

Future work will potentially also model the wave generation process and cou-
ple the wave propagation model SWASH with a wave generation model. This
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would allow to simulate the entire landslide-tsunami process numerically. It is
also planned to investigate the effect of a changing bathymetry on tsunamis.
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Notation
A [-] = Mathieu function joining factor
a L] = wave amplitude
ans L] = maximum wave amplitude
ae [L] = wave amplitude at the coupling location
ay L] = wave amplitude at the last wave gauge
ay [L] = wave trough amplitude
B -] = relative slide width
b L] = slide width at the slide impact location
b L] = source width at the coupling location
Ce [] = even radial Mathieu function of the first kind
C, [-] = Courant number
c [L/T] = wave celerity
ce [] = even angular Mathieu function
cy [] = bottom friction coefficient
Cq [L/T] = wave group celerity
d L] = total water depth
dy [L] = coupling distance
E [M/T? = mean energy density per unit area
F [] = slide Froude number
Fey [] = even radial Mathieu function of the second kind
g [L/T?] = gravitational acceleration
Je [-] = Mathieu function joining factor
H [L] = wave height
Hyy L] = maximum wave height
H, [L] = wave height at the coupling location
Hy [L] = diffracted wave height
H; [L] = incident wave height
H, [L] = wave height at the last wave gauge
h (L] = water depth
I [] = wave intensity
i [] = counter for i-th data sample
Je [] = Mathieu even radial function of the second kind
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-] = diffraction coefficient
LY = wave number

L] = wavelength

L] = maximum wavelength
L] = landslide length

L] = wavefront length

-] = relative slide mass

-] = integer number

[

[

[

[

[

[

[

[
M [M] = slide mass
N [-] = Mathieu function normalising factor
N [] = number of samples
Ne [] = Mathieu even radial function of the first kind
n [T/LY/3] = Manning’s coefficient
n [] = integer number
P [-] = impulse product parameter
Dh [M/LT? = hydrostatic pressure
Dt [M/LT?] = total pressure
q [M/LT?] = non-hydrostatic pressure term
dd [] = Mathieu function fixed variable
T [L] = radial distance from the slide impact
r! [L] = radial distance from the coupling location
r; L] = impact radius
S [] = relative slide thickness
Se [] = Mathieu even angular function
s L] = slide thickness
Smat [-] = Mathieu function fixed variable
T [] = wave type product
T [T] = wave period
t [T] = time from when the slide impacts
t [T] = time from when the wave reaches the coupling location
u [L/T] = velocity in 2’ direction
0 [L/T] = depth averaged velocity in o’ direction
; [L/T] = incident velocity
78 [L/T] = slide velocity
v [L/T] = velocity in y’ direction
v [L/T] = depth averaged velocity in 3’ direction
wp [L/T] = velocity at the bottom in 2’ direction
ws [L/T] = velocity at the surface in 2’ direction
x [L] = z-coordinate from the slide impact
x’ [L] = a’-coordinate from the coupling location
T [L] = location of maximum wave amplitude
y [L] = y’-coordinate
Ynum - = numerical value

[

[

-] = maximum numerical value
] = minimum numerical value
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Greek symbols

a [°] = slide impact angle

a; [°] = incident wave angle

B -] = pre-factor in Eqgs. (13) and (14) and pre-factor for the best fit

BE -] = pre-factor in Egs. (13) and (14]) for the upper envelope

~ [°] = wave propagation angle from the slide impact

~' [°] = wave propagation angle from the coupling location

Ypart  °] = phase angle of the partial wave

AH [L] = terrain elevation difference

AL L] = horizontal distance between two points

At [T = time difference

Az [L] = distance travelled by the slide above SWL

Az’ [L] = z’-direction grid size and horizontal distance

Ay [L] = y'-direction grid size

Az [L] = contours spacing in z-direction

Ay [0 = wave propagation angle difference

Y] [rad] = angular resolution for Mathieu function

n [L] = water surface elevation

i [L] = incident water surface elevation

0 [°] = water body side angle

Oraq  [rad] = water body side angle in radians

1 -] = effective friction coefficient

13 -] = elliptic-cylinder coordinates of confocal ellipses

v -] = mathematical constant

Ps [M/L3] = slide density

Puw [M/L3] = water density

T [ML3/T?] = turbulent stress

10} -] = elliptic-cylinder coordinates of confocal hyperbolas
Abbreviations

2D = Wave flume geometry

3D = Wave basin geometry

CFL = Courant-Friedrichs-Lewy

CPU = Central Processing Unit

HPC = High Performance Computing

MPI = Message Passing Interface

NLSWE = Non-Linear Shallow Water Equation

nRMSE = normalised Root Mean Square Error

SPH = Smoothed Particle Hydrodynamics

SWASH = Simulating WAves till SHore

SWL = Still Water Level

= predicted value
= z'-coordinate
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7 A. Symmetry of the numerical solution

s Fig. shows the symmetry of the numerical solution studied with H at
7 ' /h=3.0,5.0,10.0, 15.0, 22.5 and 35.0 for the 3D geometry. The H values are
7 calculated using the water surface time series at propagation angles 4/ = 0° and

w7 = +45° (Fig. Bf).

0.04 , , ; ; ; : :
—o—y'=0°
A )'=—45°
0.03 f -~y y'=+45° |4
=
= 0.02F 1
0.01 1
0000 5 10 15 20 25 30 35 40

r'’h

Figure A.1: Symmetry of the numerical solution in the 3D geometry. Relative wave height
H/h over the relative radial distance r'/h at 4/ = 0° and «' = +45°.

7o B. Diffraction theory

780 The diffraction theory by |Carr and Stelzriede| (1952) was applied rather than
721 graphical solutions (diffraction diagrams) available in the technical literature
72 for fixed ratios b'/L between the source gap width b’ and the wavelength L
73 (e.g. Johnson, |1952; USACE, [1984). This theory was introduced by
7 |Rubenstein| (1938) for diffraction of sound and electromagnetic waves at a gap
75 into a infinite plane. This approach has an exact solution for small gaps and
7 defines the energy distribution in function of the wave propagation angle +/
7w The solution is based on elliptic-cylinder coordinates defined as

' =V /2cos&cos
y =1V /2sinsin¢

where ¢ are confocal ellipses and ¢ are confocal hyperbolas (Fig. 2 in
1952).

For ¢ = 0 the hyperbolas degenerate in a straight line with a gap of width
b’. The three-dimensional wave equation in elliptic-cylinder coordinates is then
solved using the Mathieu function (Abramowitz and Stegun| |[1964)) as a method
for variables separation. The solution in function of the energy intensity ratio I
(Carr and StelzriedeL [1952; [Morse and Rubenstein, 1938) is

(B.1)

SINY) 2t STVt 0SS €m (Smat, )+
Z 3 mN N FYpa t, ’Ypart, ( mat l) (BQ)

'Sen(smatv ai)Sem(Smat, @) Sen(Smats @) COS('YI,)art,n - ’Y;:;art,m)
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where Se is the even angular Mathieu function, s,,q; = (7b’/L)?, a; is the direc-
tion of the wave entering the gap (Fig. , ¢ is the angle from the centreline
of the gap and 7’ the radial distance from the source. Hy is the diffracted wave
height, H; the incident wave height and the subscripts m and n are the integer
number of the sum terms. Finally, 'y]’mrt represents the phase angle of the partial
wave and is defined as ctny,,,., = (Nen(Smat;0)/Je€n(Smat, 0)) where Ne is the
even radial modified Mathieu function of the first kind and Je is the even radial
modified Mathieu function of the second kind. Note that in|Carr and Stelzriedel
1952) the normalising factor 1/(NyNy,) is missing in their representation of
Eq. (B.2)).
. To solve the Mathieu function the “Mathieu functions toolbox v4.0.6”
ison et all [2016) for Scilab has been used allowing for a high resolution of
d¢ = 0.01 rad in the final solution solving the even angular Mathieu function
cen(®,qq), the even radial Mathieu function of the first kind Ce, (¢, g4) and the
even radial Mathieu function of the second kind Fey,, (¢, qq) where gg = Smat/4.
Tabulated values from the National Bureau of Standards| (1951) were then used
to transform the three precedent solutions with the variables needed to solve
the corrected theory of |Carr and Stelzriede| (1952) resulting in Sey(Smat, @) =

Cen(¢a Qd)/Am Jen(smata ¢) = Oen(¢a Qd)/Ange,n and Nen(smata d)) = Feyn(Qba Qd)/Ange,n

where A, and g, are the joining factors.

Fig. shows the comparison between the calculated solution based on Eq.
and the diffraction diagram of[Pos and Kilner] (1987) after [Johnson| (1952).
The 2'— and y'—axes are normalised with L considering the origin of the ref-
erence system at the centre of the breakwater gap. The different contours with
each associated value define the wave diffraction coefficient K’ = Hy/H; = /1.
Other b’/ L ratios where investigated with Eq. obtaining results with a sim-

ilar match to the corresponding diffraction diagram (Johnson, [1952) as shown
in Fig. This successfully validated results of the diffraction theory were

applied in Fig.
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Figure B.1: Comparison of theoretically calculated diffraction solution based on Eq. (B.2) (red

line) and graphical solution (diffraction diagrams) of |Pos and Kilner| (1987) (black
dashed line) for ¥'/L = 1 and a; = 90°.
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C. Amplitude decay

Table shows the values of the wavefront length [,, for each wave type.
Fig. shows the wave amplitude decay for each geometry and investigated
wave type compared to Green’s law (Eq. ) based on the wave amplitude a.
Finally, Fig. [C.2] shows the wave amplitudes for each geometry and wave type
compared with Eq. .

Table C.1: Wavefront lengths I,, for (a) approximate linear and Stokes waves and (b) cnoidal
and solitary waves based on Eq. @

(a) Approximate linear and Stokes waves with h = 0.60 m
7 /h 2D (0=0°) 6=75° 6=15° 6=30° 6=45° 3D (§=90°)

3.0 0.600 1.071 1.543 2.485 3.427 6.255
5.0 0.600 1.385 2.171 3.742 5.312 10.025
7.5 0.600 1.778 2.956 5.312 7.669 14.737
10.0 0.600 2.171 3.742 6.883 10.025 19.450
15.0 0.600 2.956 5.312 10.025 14.737 28.874
22.5 0.600 4.134 7.669 14.737 21.806 43.012
35.0 0.600 6.098 11.596 22.591 35.587 66.573

(b) Cnoidal and solitary waves with h = 0.30 m
/h 2D (0=0°) 6=75° 6=15° 0=230° 60=45° 3D (6=90°)

3.0 0.600 0.836 1.071 1.543 2.014 3.427
5.0 0.600 0.993 1.385 2.171 2.956 5.312
7.5 0.600 1.189 1.778 2.956 4.134 7.669
10.0 0.600 1.385 2.171 3.742 5.312 10.025
15.0 0.600 1.778 2.956 5.312 7.669 14.737
22.5 0.600 2.367 4.134 7.669 11.203 21.806
35.0 0.600 3.349 6.098 11.596 17.093 33.587
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Figure C.1: Wave amplitude decay in all investigated geometries for (a) approximate linear
waves, (b) 5*" order Stokes waves, (c) 5*" order cnoidal waves and (d) 1% order

solitary waves compared to Eq. (12).

0.06 . . . X . .
a
@ oAle»( ) 1
=136
o 0.04 P TAAMAMT 1 ool 1
. gloonigigerdy > | AL
= ] ] s (3 %
S <0.08F e¥ede i
= =
3 — o — ° = —
0.02 2D (6=0°) V¥ 3D (6=90°) ]l 8 =1.01
*0=75  @Eq.(12) !
060=15°  —Eq (14)withg=1 0.04} 1
©0=30°  --Eq.(14) with f# 1
m0=45°  _Eq. (14) with 3,
0.00 : N n 0.00
—90 —45 0 45 90 =90 —45 0 45 90
7' () 7' ()
0.6 1.0 . . .
(c) (d)
0.5- 0.8 ]
i
S
N
0.0 - - - 0.0 - - y
Z90 —45 0 45 90 290 —45 0 45 90
7' (%) 7' ()

Figure C.2: Lateral wave amplitude decay for (a) approximate linear waves, (b) 5*" order

Stokes waves, (c) 5*P order cnoidal waves and (d) 15¢ order solitary waves for all
investigated geometries, compared to Eq. (14).
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D. Lateral spread for approximate linear, cnoidal and solitary waves

The lateral wave decay for the approximate linear, cnoidal and solitary waves
is presented here with Fig. showing the wave heights for the approximate
linear waves, Fig. for cnoidal waves and Fig. for solitary waves. The
cnoidal waves shown in Fig. especially for § > 15° (Fig. [D.2k-f), show a
convex shape with slightly higher wave heights near the side walls. Although
this differs from the trend shown in Fig. similar convex trends were observed

in the experiments of [Heller et al.| (2012)). The same convex shape is found for
the solitary wave (Fig. [D.3d,e) for # = 30° and 6 = 45°.
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Figure D.1: Relative wave heights H/h for approximate linear waves in intermediated waters
as a function of the propagation angle ' and the relative radial distance r’/h for
(a) 2D (8 = 0°), (b) 6 = 7.5°, (c) 6 = 15°, (d) 0 = 30°, (e) 6§ = 45° and (f) 3D
(6 =90°).
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Figure D.3: Relative wave heights H/h for 15' order solitary waves as a function of the prop-
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