TSUNAMI-HAZARD ASSESSMENT IN LAKES — AN INTEGRATED APPROACH
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ABSTRACT

Lake tsunamis triggered by mass movements constitute a rare but potentially devastating hazard. An integrated workflow has been devel-
oped to assess the flooding hazards caused by tsunamis on lake shores. The effects on wave generation, propagation, and inundation on
the shores for tsunamis that are triggered by subaerial and subaqueous mass movements can be calculated with the BASEMENT software, a
freely available tool for hydro- and morphodynamic modelling. As inundation or so-called intensity parameters, the flow depth, flow veloc-
ity, and arrival time of the first wave are calculated. Based on these parameters, additional important characteristics, such as the inundated
area or the momentum flux can be derived. In an upcoming pilot project, the workflow will be applied to Lake Geneva serving as a test

ground for future applications in any other lacustrine setting.

INTRODUCTION

Similar to marine settings, tsunamis can occur in lacustrine environments. Lake tsunamis are mainly generated by mass-movement processes
displacing large volumes of water, and triggered by seismic or aseismic events. Historical reports and analysis of lacustrine sediments de-
posited in the lake basins have shown that subaqueous mass movements on lateral slopes (SAQMM), delta failures (DF), or subaerial mass
movements (SAEMM) can cause tsunamis on peri-alpine lakes in Switzerland, such as on Lake Lucerne or Lake Geneva (e.g. Schnellmann
et al. 2002, Kremer et al. 2012, Hilbe and Anselmetti 2015).

Although lake tsunamis are rather rare, these examples show that there is a need to assess the hazard related to tsunamis caused by mass
movements, especially considering the growing population and infrastructure around lake shores. In 2018, the Tsunami-CH research project
was funded by the Federal Office for the Environment (FOEN) with the overarching goal to assess the lake-tsunami hazard in Switzerland.
This project was performed through a collaboration with the Swiss Seismological Service SED, the Laboratory for Hydraulics, Hydrology
and Glaciology VAW at ETH Zurich, and the Institute of Geology at the University of Bern. The specific aims of the research project were
to study the tsunami potential of Swiss lakes larger than 1 km2 (Strupler et al., 2020) and to develop a detailed methodology/workflow for
assessing the tsunami hazard in these lakes. A general framework of the workflow and an example of the 1601 CE SAQMM tsunami event
are presented in Strupler et al. (2023). In this article, the workflow in the context of FOEN’s strategy is presented, exemplary results of the
implementation of delta failures and subaerial mass movements are shown, and first insights into a pilot project that will apply the workflow

to Lake Geneva, Switzerland are provided.

METHODS
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Figure 1: Graphical representation of the workflow to estimate the lake-tsunami hazard
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A prerequisite for modelling mass-movement induced tsunamis is a map depicting the locations and characteristics of the potential mass
movements. This article focuses on the tsunami generation, propagation, and inundation following mass movements. Slope-stability assess-

ments and mass-movement zonation are not conducted here.

Apart from the locations and characteristics of the mass movements, the user needs to estimate the tsunami hazard with basic knowledge
of QGIS (http://qgis.org) and BASEMENT, a freely available tool for hydro- and morphodynamic modelling developed at VAW (Vetsch et
al., 2020; Vanzo et al., 2021). QGIS (and the plugin BASEMESH) is used for the pre-processing of the data, which includes the generation

of an unstructured mesh.

The modelling is conducted using BASEMENT, as previously used for SAQMM in Nigg et al. (2021). BASEMENT uses the shallow-water
equations (SWE) to calculate wave propagation and overland flow. For wave generation, different approaches for SAQMM and DF, as well as
for SAEMM are available. We use the software due to its GPU (Graphical Processing Unit) optimization, which allows for efficient computa-
tions on large domains and considering uncertainties by running Monte Carlo simulations. The fact that it is freely available and its versatile
use makes it a powerful tool for various stakeholders, including engineering offices. For details on the basic assumptions and limitations of
BASEMENT, the reader is referred to Vanzo et al., 2021.

Post-processing, i.e. the calculation of percentiles for various inundation parameters, is conducted with a Python script. The results can be

displayed with common GIS software (e.g. QGIS, ArcGIS (ESRI, Inc.)) or post-processing visualization tools, such as Paraview (Kitware, Inc.).

Wave generation and propagation

Subaqueous mass movements (SAQMM)

Waves generated by SAQMM can be modelled in the workflow by an instantaneous downward offset of the SAQMM areas, or by dynam-
ical sediment removal (Strupler et al. 2023). Thickness uncertainties of SAQMM are considered by Monte Carlo sampling from log-normal

distributions.

Delta failures (DF)

Conceptually, DF-generated waves are simulated with the same approach as for SAQMM. However, ongoing work has shown that deltas
in perialpine lakes can be divided into two main categories: Type-1 and Type-2 deltas. Based on the available data, such as bathymetry,
river discharge, and lithology of the catchment area, it is evident that the stability of both deltas types is related to the river discharge and
sediment transport rates. Type-1 deltas display very gentle slope angles (up to 5 degrees) and are linked to rivers with a higher discharge
as well as very extended catchment areas. Such rivers merge the lake through a widespread river plain primarily made of fine-grained sed-
iments. Type-2 deltas feature higher slope angles (up to 30 degrees, approximating the sediment’s angle of repose) and are linked to lower
river discharge and smaller catchment areas. The smaller catchment areas imply short travel distances, which contribute to coarse sediments.
Due to the steep angles, the sediment is not deposited on the slopes, but directly re-mobilized. Therefore, it is assumed that Type-2 deltas
remain stable and consequently, only Type-1 deltas are considered in the workflow.

Due to continuous sediment supply and deposition of large amounts of sediments on the delta, the extent of past events is much harder
to identify than for non-deltaic lateral slopes where authigenic sedimentation plays a main role. To consider these uncertainties concerning
location and extent, we present scenarios of various delta extents. One scenario shows a trapezoidal delta failure with mean thicknesses of
10 and 20 m, respectively, and another scenario shows a sediment mobilization along a predefined channelized structure on the delta with

a mean thickness of 10 m.

Subaerial mass movements (SAEMM)

Due to the violent impact of a slide entering the lake, subaerial tsunami wave generation differs from the two previously discussed mecha-
nisms. Subaerial mass movements generate impulse waves, which involve nonlinear, dispersive, shallow to intermediate water waves (Kam-
phuis and Bowering 1970, Heller et al. 2010).

In the workflow, the initial wave amplitude A is calculated based on empirical equations, which condense several characteristics of the
failing mass (i.e. thickness, mass, Froude number) into the impulse product parameter P (Heller et al. 2010, Heller and Hager 2010, Evers et

al. 2019). A is then integrated as boundary condition in the numerical modelling with BASEMENT.

All the parameters used to calculate P are subject to uncertainties that have to be estimated by experts. For each parameter, its respective
distribution can be estimated and Monte Carlo sampled (to calculate a distribution of P). Selected quantiles of P are then used to estimate the
maximum wave height in the impact zone, which can be used to calculate the wave amplitude A. As the shallow-water equations (SWE) only

hold when wave amplitudes A are much smaller than the still water depth (ratio amplitude to still water depth K <0.1) and wavelengths are
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much larger than the still water depth, the distance x from the location of the rockfall to where the tsunami wave is numerically generated
needs to be large enough to ensure this condition is met (Fig. 2). Based on A, we can determine 1) the minimum water depth for the as-
sumption of SWE to hold, and 2), the wave celerity c for a (solitary) tsunami wave. The celerity is necessary to calculate the time-dependent

wave height with the Korteweg-de-Vries equation.

projection to where lake is
deep enough so shallow
water equations hold

Lake shore line

Figure 2: Conceptual approach of modelling the tsunami generation from subaerial mass movements Due to underlying shallow-water equations (SWE), the tsunami cannot be started right
at the impact location (grey dashed line) but needs to be translated further into the lake where the water is deep enough so the SWE hold (blue part of the outer dashed circle segment vs
red part where SWE does not hold).

Tsunami inundation

As inundation parameters, we calculate the flow depth, flow velocity, and arrival time of the wave (i.e. when a cell first gets wet). Based
on these parameters, additional important measures, such as the inundated area, or the momentum flux can be derived. Due to the Monte
Carlo sampling from input parameter distributions for SAQMM, DF, and SAEMM characteristics, various percentiles of the tsunami metrics

can be calculated.

RESULTS AND DISCUSSION

In the following, results of simulated tsunamis that are caused by delta failures and subaerial mass movements are presented. For an example

of a SAQMM tsunami, the reader is referred to Strupler et al. (2023).

Example of a tsunami that is generated by a delta failure

Figure 3 depicts an example of flow depth quantiles that were calculated for three hypothetical delta failure (DF) scenarios at the location
of Brunnen, a village on the shore of Lake Lucerne. The comparison of the various scenarios shows that the extent and thickness of the DF
define the flow-depth distribution. Due to the characteristics of deltas, it is a major challenge to assume a potential glide plane, as seismic
reflection data has limited subsurface penetration due to free gas and unsorted sediment, and coring is technically often not possible. Hence,

it is very important to consider thickness uncertainties of potential delta failures.
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Figure 3: Flow depth (5th, 50th, and 95th percentiles) calculated for a channelized DF with a mean thickness d = 10 m (left column), and a trapezoidal DF with d = 10 m (center column) and
d =20 m (right column).
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Example of a tsunami that is generated by a SAEMM
In Fig. 4, we present an example of a subaerial rockfall that is known to have occurred in Obermatt at Lake Lucerne in 2007. We use previ-
ously published data (Fuchs and Boes, 2010) on thickness, density, volume of the rockfall, and the angle with which it hit the water as initial

conditions, resulting in an initial wave amplitude Amax of 5.2 m. In this example, we do not consider parameter uncertainties.
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Figure 4: Various time steps showing the propagation of the wave that was simulated for the Obermatt rockfall. Darker colors mean a higher wave amplitude. The origin of the tsunami is

marked by the bold red line. Map data: swisstopo.

CONCLUSIONS

The presented workflow for assessing the tsunami hazard in lakes is an important tool for the Federal Office for the Environment (FOEN)
to broaden and complete the process knowledge of water hazards in Switzerland. The Tsunami-CH research project provided the scientific
basis to quantitatively assess the hazards occurring around the shores of perialpine lakes. The methodology will now be tested in a pilot pro-
ject to be carried out in 2024-2025 on Lake Geneva, which is moderately prone to tsunamis, with a large population potentially affected in
the case of an event. All the possible tsunami-generating processes (SAQMM, SAEMM, and DF) occur in Lake Geneva and historic tsunamis
have already been documented in this lake. The pilot project aims to validate the methodology, test the applicability, determine the locations
potentially affected by tsunamis around Lake Geneva, and estimate the potential flow depth, velocity, and inundated area. The project will
be jointly funded by the Federal Office for the Environment (FOEN) and the cantons of Geneva, Vaud, and Valais. It will be carried out
by a private engineering company in collaboration with the research institutes that developed the workflow. Based on the pilot project on
Lake Geneva, training documents for practitioners will be prepared. In the future, it will be possible to carry out hazard and tsunami risk
analyses at the national level. Due to the small extent and the related short travel times of tsunami waves on peri-alpine lakes, there is not
much time for warning and evacuation measures, especially in the near-source areas. However, based on tsunami intensity maps calculated
with the presented workflow, awareness of potential tsunamis among policy-makers, the potentially affected population, and emergency

services can be improved so that they may be better prepared in case of an event.
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