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The finite area scheme allows a description in terms of surface partial differential equations (Deckelnick et al., 2005), which
leads to simple and expressive governing equations. However, this comes at the cost of a complex three-dimensional surface
mesh. Projection of the governing equations on a plane surface following e.g. Bouchut and Westdickenberg (2004) may be
beneficial for some applications. The three-dimensional surface mesh can also be an advantage, allowing a simple coupling
with three-dimensional ambient two-phase models for powder clouds (Sampl and Zwinger, 2004). The presented meshing
method, creating a finite volume and the corresponding finite area mesh, is viable for such simulations as well.

Future steps will incorporate optimisation of the solver in terms of stability and execution time. Mesh generation and the
integration of geographic information systems will be further streamlined. We aim to implement more complex models, suitable
for mixed snow avalanches (e.g., Bartelt et al., 2015; Issler et al., 2017) and debris flow (e.g., Iverson and George, 2014; Mergili
et al., 2017) in the near future. Coupling of the here proposed dense flow model with three-dimensional two-phase models for

the powder cloud regime (e.g. Cheng et al., 2017; Chauchat et al., 2017) is planned as well.

Code and data availability. The OpenFOAM solver, core utilities and the presented case study are available in the OpenFOAM community
repository (https://develop.openfoam.com/Community/avalanche) and integrated as a module within OpenFOAM-v1712. The complete code
(based on foam-extend-4.0) including python scripts for GIS integration and the simulation setup including the underlying raw data is

included in the supplementary material and available at https://bitbucket.org/matti2/fasavagehutterfoam.

Appendix A: Understanding projections in surface partial differential equations

Here we shortly explain the concept of projections within the framework of surface partial differential equations. These projec-
tions are widely used in computational fluid dynamics, usually when surfaces in three dimensional space are considered. We
do not focus on mathematical formalities and this section can not replace the formal derivation of Rauter and Tukovié (2018).
We want to emphasize that no surface aligned coordinate system is required throughout the whole process and the reader is
encouraged to stick to global Cartesian coordinates. For simplicity we present a discretised finite area cell, which has been
extruded by flow thickness h to present the flowing mass, see Fig. Al.

We begin by splitting a simple vectorial entity, the gravitational acceleration g € R?, into a surface normal component,
g, € R3, and a surface tangential component, g, € R3, as shown in Fig. Al. The magnitude of the surface normal component

can be calculated using the scalar-product and the surface normal vector,
gl =ns g, (A1)

which corresponds to a projection of g on ny,. The surface normal component points in the same direction as the surface normal
vector, which allows calculation of the vectorial surface normal component. Rearranging of vector multiplications yields the

known form,
gn =1y [|gnll =np (ny-g) = (npnp) - g (A2)
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Figure A1l. Splitting gravitational acceleration into a surface tangential and surface normal part with simple projections to the surface normal

vector ny,.

The surface tangential component follows by subtracting the surface normal component from total gravitational acceleration,
gs=g—gu=g— (mm) - g=I-n,m) g (A3)

Movement in surface normal direction is constrained by the basal topography, which yields the basal pressure. Therefore,

the surface normal component g, has to contribute to basal pressure py, (Eq. 3), and only the surface tangential component

contributes to local acceleration ag—tﬁ (Eq. 2). The total gravitational acceleration can be reconstructed by summing up both
components,
g=gntg=(mpnp)-g+(I—mpny)-g=I-g=g, (A4)

reassuring perfect conservation of three dimensional momentum.

The same concept can be applied to fluxes through the boundary of the control volume, leading to the concept of surface
partial differential operators, V¢ and V,,. Figure A2 shows a momentum flux V - m, which could represent convective mo-
mentum transport V- (huu) or lateral pressure gradient ;—pV (pb h). The net flux leaving the control volume can be calculated
as the sum of all fluxes and leads to the definition of the divergence operator,

V-m= i(rnout_rnin)» (AS)
Sh

in accordance to Gauss’ theorem. Sy, is the surface area of the cell. For the exact formulation in terms of finite areas, the reader
is refereed to Rauter and Tukovi¢ (2018). Note that the net flux is a three dimensional vector without any particular direction
in relation to the basal surface. Hence, it has a surface tangential component and a surface normal component. It can thus be

treated similar to gravitational acceleration, yielding the surface normal component

Vo m=n||V, m|=n, (n,-V-m)=(npn,)-V-m. (A6)
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Figure A2. Splitting net fluxes into a surface tangential and surface normal part with simple projections to the surface normal vector ny,.

Note that the flux, entering the control volume, —V - m, is shown.

and the surface tangential component
Vim=V-m-V, m=V-m— (n,n,)-V-m=(I-nyny)-V-m. (A7)

Surface normal and tangential components contribute to local acceleration and basal pressure for reasons discussed in terms
of gravitational acceleration. Three dimensional conservation is reassured for fluxes as well, if the three dimensional flux
V -m is conservative. Finally, we want to note that velocity is a three-dimensional vector field and its direction is not fixed
a priori. However, velocity will always be aligned with the surface because only surface tangential components are present in

the respective conservation equation.
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