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Rapid flows of dense granular material such as rockfalls, debris flows, and snow avalanches are ubiquitous in mountainous environments and represent some of the most efficient geomorphic transport processes on Earth. Despite their importance, these flows remain difficult to monitor directly due to their unpredictability and hazardous nature. However, they generate characteristic seismic signals that can be recorded remotely, offering a powerful indirect observation tool.

Over the past decade, significant progress has been made in understanding how physical parameters such as mass, velocity, and basal friction influence the seismic energy radiated by such events. In particular, field observations have demonstrated that the acceleration of the center of mass and impact dynamics leave distinct signatures across different frequency bands. Long-period signals are generally associated with bulk motion, while high-frequency components are linked to granular interactions and impacts. However, the coupling between these scales remains poorly understood, limiting our ability to extract quantitative physical information from seismic data.

The main objective of this PhD project is to establish a physically grounded framework for interpreting the seismic signals generated by dense granular flows. This will be achieved by combining physics-based modeling with data-driven approaches, particularly recent advances in signal processing and artificial intelligence. The project will leverage methods such as deep scattering transforms, dimensionality reduction techniques, and graph-based clustering to represent complex seismic waveforms as structured, low-dimensional manifolds. These representations will allow the identification of families of signals associated with distinct flow regimes and mechanical parameters such as mass, inertia, and friction.

The research will integrate three complementary types of datasets. First, high-resolution orbital imagery, including existing archives and future acquisitions from the CO3D mission (CNES/Airbus), will provide detailed three-dimensional topography and enable change detection associated with mass movements. Second, seismic catalogues such as ESEC will be used to systematically extract avalanche-related signals and associated metadata. Third, dedicated field experiments will be conducted at instrumented alpine sites, where seismic, infrasound, and photogrammetric measurements of avalanches will be acquired within the framework of the PhD.

By combining these datasets, the student will investigate how statistical patterns observed in seismic signals relate to underlying physical processes, and how these relationships scale with topography, source geometry, and surface changes observed remotely. A key aspect of the project will be to exploit the complementarity between CO3D data and seismic catalogues to fill current gaps in metadata linking source parameters, runout geometry, and seismic energy release.

A second major objective is to develop physically informed artificial intelligence models capable of predicting key dynamic parameters of an event directly from its seismic signal. This will involve designing hybrid neural architectures constrained by physical principles such as conservation laws and energy balance. The ultimate goal is to produce a new inference framework capable of characterizing mass movements using data from single stations or sparse seismic arrays, which is critical for both Earth and planetary applications.

The expected outcomes of the project include:

(i) the construction of a comprehensive catalogue of seismic signatures of granular flows,

(ii) the development of new metrics to quantify the energy budget of such processes, and

(iii) the implementation of a prototype AI-based module for automatic detection and characterization of events.

Beyond its contribution to natural hazard monitoring in mountainous regions, this research will demonstrate the potential of combining spaceborne 3D Earth observation data with ground-based seismic measurements for studying rapid surface processes. The project is fully aligned with CNES priorities in multi-sensor Earth observation, artificial intelligence for geophysical data analysis, and environmental risk assessment.

The PhD will be carried out at the Institut de physique du globe de Paris (IPGP), within the Planetology and Space Sciences team, in very close interaction with the seismology group. The student will receive interdisciplinary training in signal processing, machine learning, and numerical modeling, and will participate in field deployments and data analysis campaigns. The project offers a unique research environment at the interface between geophysics, artificial intelligence, and Earth observation.
The candidate should have a strong background in either geophysics, physics, applied mathematics, or any related field. Skills in signal processing, data analysis, or machine learning will be appreciated. An interest in physical modeling and interdisciplinary approaches is essential. Programming experience (e.g., Python) and familiarity with scientific computing environments will be beneficial.

The project is supported by ongoing research grants, which will provide funding for field experiments, conference participation, and research-related travel. This ensures that the candidate will be fully integrated into active research programs and will have access to high-quality datasets, instrumentation, and computational resources.

