LANDSCAPE EVOLUTION MODEL: CONTRIBUTING TO A BETTER UNDER-
STANDING OF MOUNTAIN HAZARDS INTERACTIONS AND ADDRESSING RIS
MANAGEMENT OPTIONS IN COUPLED HUMAN-LANDSCAPE SYSTEMS
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ABSTRACT

Most landscape evolution models (LEM) focus on simulating geomorphic changes in a catchment while accounting for river-sediment pro-
cesses. Other phenomena like hillslope processes, their geomorphic consequences like dam breaks or flash floods (that significantly impact
landscape evolution), and cascading effects have not yet been implemented in model approaches that will allow reliable integration into
LEMs. Our project focuses on these emerging challenges and solutions for LEMs, and it will also serve as a base tool for hazard scenario
exploration, and tackling possible implications for mitigation strategies, land management, and risk management. To address the effect of
natural hazards on landscape evolution and communities in the context of ongoing climate change, special attention is paid to the context
of multi-hazards (particularly mountain regions). The inputs from diverse disciplines that use interdisciplinary strategies will bring novel

perspectives and solutions to LEMs.

INTRODUCTION

Loss events triggered by natural hazards occur within a strongly interconnected social and physical context, including climate change and
economic crises. To address this challenge, a coupled model for the human-landscape interaction system (CHLS) is suggested by Hossain et
al., 2020 (Fig. 1a). Landscape evolution models (LEMs), as support for the CHLS, are used to better understand the physical processes that
shape landscapes. Most LEMs simulate/changes while accounting for sediment transport and river floods. Slope processes such as landslides

or debris flows integrated into LEMs are in their infancy considering natural mountain hazards.

This project aims to investigate the impact of mountain hazards on landscape evolution and mountain communities, while developing a
numerical prototype of the CHLS in mountain regions, starting from the concept proposed by Hossain et al., 2020. The spatial focus is
on the combined catchment-reach scale. The temporal scales address changes throughout 5 to 30 years. The contribution investigates the
challenges of adapting existing models based on cellular automata for debris flows and landslides (Fig. 1b), plus the issues of using a sto-
chastic approach or susceptibility analysis. Additional challenges for using LEMs in mountain areas, like snow melt or earthquake effects,
are highlighted (Fig. 1b). The aim is to keep this LEM simple while requiring little data. Furthermore, concerning natural risk reduction, its
application provides a suitable basis to comprehend the interaction between natural processes and human activities, supports decision-mak-

ing, and assists risk management.
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Figure 1: a) Causal loop diagram for a CHLS for mountain communities (taken from Hossain et al, 2020). b) Focus on the hydrological-geomorphological hazard section, with highlights on
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As one of the most common tools for LEMs, the open-source software CEASAR-LISFLOOD (C.L.) (Coulthard et al., 2013), will be adopted in
this work. As a suitable LEM for mountain basins, C.L. modelling framework is used to simulate erosion and deposition across catchments
and river reaches (up to 1000 years). Two combined models are implemented: the hydrodynamic model LISFLOOD-FP and the (LEM)
cellular-automated model CAESAR. This combination allows for a more comprehensive understanding of the interactions between water,

sediment, and humans in river basins. The model solves the two-dimensional Shallow Water Equations (SWE) and a sediment continuity

equation on a spatially explicit grid. It adopts the Wilcock & Crowe and Einstein sediment transport rules

CHALLENGES OF LEMS IN MOUNTAIN REGIONS

To address the impact of mountain hazards on landscape evolution, it is required to develop or adapt a LEM taking natural hazard processes

into consideration. Thus, the main points that have to be considered and integrated into the LEM (table in Fig. 1) are following:

1.

Hillslope processes (accounting for multi-hazards)

2. Climate change effect (as an external influencing factor on precipitation)

3. Downhill processes interaction (to consider the cascade effects)

In parallel, to complete the numerical prototype for the CHLS, another focus will be put on agent-based modeling (ABM) and the social/

economic aspects to investigate (point 4 in table in Fig. 1) the consequences on human activities and infrastructures (plus effects on land

use changes, damage to settlements, protective infrastructure, etc.).

Even though the very efficiency of C.L. for LEMs, some considerable aspects are still lacking. Implementing adequate hillslope processes
(like landslides and debris flows) into LEMs is a challenge due to the complexity of the physical process itself. Debris flows need certain
conditions that overcome a threshold in order to mobilize a certain volume of sediment, mirrors the motion of solid-fluid mixtures and
to simulates the runout. Deep (seated) slides need to account for instability conditions which consider a sliding surface that involves the
bedrock (differently from a shallow slide). Given the complexity of a LEM on the large spatial and temporal scale, the main idea is to keep

the newly implemented hazard models simple regarding the physical reproduction of the involved processes and with low data demand to

avoid over-parametrization.
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POSSIBLE STEPS FORWARD

We provide a brief overview on studies addressing these challenges and highlighting the possible methods to include debris flow and slides
in LEMs as well as pro and cons. Attempts to address these challenges considering debris flows have been proposed in some works. The
main obstacle was the incorporation or adaptation of some models intended to rigorously simulate the physical process into an LEM, but
the model's complexity, combined with the high computational cost and over-parametrization, made the LEM use impractical (for example,
ClidE with the implementation of the SCIDDICA model, Avolio et al., 2013). For LEM purposes, a model for hillslope dynamics should be
developed initially. Li et al., 2023 integrated the SLIDE model into C.L. to simulate shallow slides induced by rainfall while accounting for
LEMs. Recently, more suitable and simpler approaches were proposed in LANDLAB, a Python-based platform for modelling earth surface
processes including hillslope models. For the purpose of our project, these suitable models in LANDLAB for reproducing hillslope phenom-

ena for LEMS will be potentially translated from Phyton into C# and then adapted for use in C.L.

LANDLAB HILLSLOPE MODELS DESCRIPTION AND TESTING

A new cellular-automata algorithm named MassWastingRunout (MWR, Fig. 3) allows the recreation of debris flow processes with LEMs (Keck
et al., 2023 under review). It accounts for aggradation, erosion, and deposition of the material starting from info on available bed load and
potential initial volume obtained with filed observations. The latter can be a limitation of the model since this does not allow an LEM to

automatically identify and initiate a debris flow process.
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Figure 2: Example of debris flow run-out simulation in MRW (from Keck et al., 2023 under review, more details in Figure 2 of the cited pre-print). b} lllustration of time step t=0 as in figure
3a; ¢) Scheme representing the material distribution in MRW. d) lllustration for mass continuity, erosion, and aggradation processes (from Keck et al., 2023 under review, more details in

Figure 3 of the cited pre-print).

HyLands (Campforts et al., 2022) is a LEM that adopts the SPACE model river sediment incision, and bedrock erosion. It adopts the
Morh-Coulomb criteria for slope stability analysis and a non-linear diffusion algorithm for landslide sediment run-out. It adopts a combined
probability that includes a) the Culman theory for spatial/failure probability (Fig. 2) and b) the Poisson theory to predict the temporal prob-

ability of occurrence.
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Figure 3: a-b) 2D and 3D illustration of landslide erosion, sediments run-out and deposition (from Campforts et al., 2022), where Hs is the hillslope height, ©c is the angle of failure, B is the
topographic slope, & is the deposition angle and  is the internal friction angle. ¢) Example of simulated landslide events in HyLands (modified from Campforts et al., 2020, more details
in Figure7 in the cited work).
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We will test our integrated LEM in a real-world case study in the Alps. The case study requires to be significantly dynamic with regards to
landscape evolution, it needs the occurrence of hazard processes (within a return period raging between 5-30 years), and it necessitates
the presence of settlements, infrastructure, and/or other human activity (which is fundamental to observe the feedback between natural
processes and human behaviour). Once the reliability of the model is verified, this will be further standardized to be relevant to diverse

mountain environments.

RESULTS AND DISCUSSION

The results of the first phase of this research project show potential solutions for incorporating mountain hazards into LEMs, as well as the
remaining open issues to be addressed. The flow chart in Figure 4 summarizes the overall project. First, CEASAR-LISFLOOD will be used as
a base tool for landscape evolution models. The previously mentioned model scripts in LANDLAB for recreating hillslope processes (spe-
cifically deep - seated — landslide and debris flow) will be integrated into C.L. The new features will be then tested in a real case study in
a mountain catchment. The final product will represent a LEM including mountain hazard, which will be integrated with the ABM to finally
provide a numerical prototype - recalling the model of Hossain et al. (2019) as a blueprint- that can serve for explorative CHLS and be of

support for risk management and decision-making.
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Figure 4: Flow chart summarizing the LEM project from starting point, to code integration for hillslope processes into CL, real case study testing and final purpose of the numerical prototype.

Generally, LEMs are suitable model tools to recreate surface evolutions and dynamics. The high complexity of the simulations, the large
spatial and temporal scale, plus the already high computational cost and running time, pose some limitations in reproducing other physical
phenomena (like hillslope processes) in such a realistic and accurate manner. Additionally, the use of many input data cannot be easily
handled by a LEM that will consider diverse phenomena for the same simulation, resulting in an excess over-parametrization of the model.
Thus, modelling simplifications of the physical process plus a reduction of input parameters are needed in order to run such processes
into LEMs, (possibly without the need for calibration when forecasting future events). This is acceptable when the purpose of a model like
a LEM is to provide i) a rough but still reliable representation of possible future scenarios, ii) an indication of potential mountain hazards
(rather than simulating accurately a singular physical phenomenon) and iii) and show the interaction with human activity. This indeed will
serve as a first indicator for actions required (like the establishment of protective infrastructure), for more extensive investigations or rigorous

models needed to assess mountain hazards.

CONCLUSIONS AND FURTHER OUTLOOKS

There are still some unresolved issues with the hillslope processes. In the context of debris flow in LEMs, methods for automatically iden-
tifying available sediment and define the potential volume to mobilize, as well as the integration of triggering or threshold criteria for mo-
bilization, remain unaddressed. Slow slope surface deformation caused by deep-seated slides is a process that has an extensive effect on
landscape evolution and can affect smaller processes at a local scale. Even if recreating such a mechanism in LEMs is challenging, it should
be addressed in the near future. To enchant the cascade effect of mountain hazards, downslope processes interaction should be included
in LEMs. These have indeed a significant influence on landscape evolution in mountain valleys. The most common phenomena refer to
channel damming, back lake formation, dam break, and further flash floods. Some processes can already be recreated in LEMs as a dep-

osition process, while others (like the dam break) remain an open challenge to be solved. As an external factor, the climate change effect
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can be accounted for in LEMs while considering future precipitation scenarios for both rain and snow precipitation (especially for mountain
regions). Particularly, snow accumulation and further melt can affect the run-off. This can be considered using the ETT model (Cache et al.,
2023), which could be potentially integrated into a LEM as a pre-processing model. Another external factor that should be considered with
regard to slide stability is the effect of local earthquakes on a slope. A simple solution for this is to consider the dynamic weakening effect
on the slope’s material properties especially friction angle (see Fig. 5 in Sahoo & Shukla, 2019), which has been already observed for soils

and can be potentially applied to bedrock.
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