BACK ANALYSIS OF THE EXTREME 1957 EVENTS IN THE UPPER ISERE
VALLEY (FRENCH ALPS) USING FLOW-R: LESSONS LEARNED FOR FUTURE
DEBRIS FLOW AND DEBRIS FLOOD SUSCEPTIBILITY MAPPING
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INTRODUCTION

Mapping debris flow and debris floods susceptibility is of great importance for torrential hazard assessment and prevention in mountainous
areas. In the last decades, the availability of high-resolution topographic data has drastically increased, leading to the development of sev-
eral raster-based tools aiming at mapping torrential hazard from local to regional scales (Scheidl and Rickenmann 2010, Horton et al. 2013).
Such reduced complexity models are of great interest for practitioners as they require limited input data and can be applied relatively easily
over large areas. For instance, the widely used Flow-R model (Horton et al. 2013) has been applied to define portions of highways prone to
debris flows (Blais-Stevens and Behnia 2016, Jiang et al. 2021) or to map debris flows at the Valley scale (Kappes et al. 2011, Pastorello et
al. 2017, Giano et al. 2021). Most of these studies back-analysed real events to upscale initiation and propagation parameters (Kappes et al.
2011, Pastorello et al. 2017, Blais-Stevens and Behnia 2016, Jiang et al. 2021, Giano et al. 2021). However, the choice of parameters to create
susceptibility maps remains challenging in practice. For instance, depending on the limit velocity used with the simplified friction-limited

model of Flow-R, the friction angle can significantly differ from the average travel angle values found in the literature.

In that context, we present an ongoing study focused on the evaluation of propagation parameters used in the Flow-R model, addressing
the following questions: how do propagation angles or spreading parameters evolve with the type of flows? with the magnitude of the

event? or with the catchment properties?

METHODS

Studied sites

We focused in this study on the extreme and widespread event that occurred in 1957 in the French Alps. This event generated massive ge-
omorphic changes in several valleys: the Guil, the upper Arc, the Ubay and upper Isere. In the upper Isere Valley, daily rainfalls exceeded
100mm while four days cumulated rainfall exceeded 200mm which exceed the one hundred years return period considering the quantile
obtained with the SHYREG method (Arnaud et al. 2008). This large hydrological forcing generated an intense torrential activity for most
torrents, leading to numerous damages (Figure d1) and to the highest event magnitudes observed over the last century. This extreme and
widespread event constitutes a perfect case study to address the questions of debris flow and debris flood susceptibility mapping with

Flow-R and to evaluate propagation parameters.

Figure 1: Mapped torrential deposits due to the 1957 event (based on orthoimages taken after the event, source: https.//remonterletemps.ign.fr/).
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Data acquisition

To do this, we gathered historical aerial images from the National Institute of Geographic and Forest Information (https://remonterletemps.
ign.fr/), georeferenced these images and mapped 23 torrential deposits (Figure d1). We also used nowadays high-resolution Digital Elevation
Model (DEM) with a 1m resolution (vegetation, artificial structures and all non-ground elevation points are removed) to extract geomorphic
characteristics, to build and run the Flow-R model. We also mapped the initiation areas, using the historical aerial images and the high-res-
olution DEM. The studied torrent fans are marginally affected by human activities, those significantly modified by anthropic activities being
removed from the analysis. No mitigation structures were built on the studied sites. The depth of deposited/eroded material on fans was

unavailable. This is not problematic as Flow-R gives susceptibility maps without intensities, so that we could focus on the extents analysis.

Catchment characteristics and classification

In order to evaluate the effect of catchment properties and the potential effect of flow type on propagation parameters, we classified the
23 catchments using the Wilford et al. (2004) diagram based on the Melton index and the channel length. This simple approach allowed us
to classify catchments in “debris flows” (DFW) catchments (Melton index >0.6 and channel length <2.7 km — 19 catchments in the studied
site), “bedload” (BL) catchments (Melton <0.3) and intermediate “debris floods” (DFD) catchments (4 catchments in the studied site). We

also extracted the average fan slope, considered as a general proxy of torrential processes.

Figure 2: Catchments classification according to Wilford et al. (2004).

Flow-R modelling
We used the Flow-R model (Horton et al. 2013) considering the mapped initiation areas and the following fixed (f) and variables (v) prop-
agation parameters:

DEM resolution: 5m (f)

Limit velocity: 10m/s (f)

Friction angle (simplified friction-limited model): from 2° to 30° (v)

Spreading parameter “X” (modified Holmgren Algorithm): from 1 to 30 (v)

Surelevation parameter “dh” (modified Holmgren Algorithm): from Om to 4m (v)

Susceptibility threshold: default value (f)
We first varied the friction angle so that the modeled deposits stopped at the same distance from the fan apex as observed deposits (Figure
3). Then, the lateral spreading parameters (X and dh) were both varied to capture the variability of the deposits extent and to further per-

form sensitivity analysis.
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Figure 3: Example of friction angle calibration (left) and lateral spreading parameters variations (right).

Calibration indexes
To select the best propagation parameters in Flow-R, we used the indexes proposed by Heiser et al. (2017) to quantify the overlap, under

and over estimation when modeling deposition patterns. The overlap index a_T is defined as:
ar = TP/(TP + FP + FN)
Equation 1

With TP = true positif, FP = false positif, FN = False negative.

While the underestimation (B_T) and over estimation (y_T) indexes are defined as:

br

FN/(TP + FP + FN)

Equation 2

yr = FP/(TP + FP + FN)

Equation 3
T
hese indexes range from 0 to 1, with a_T=1 for perfect overlap, B_T=1 for complete underestimation and y_T=1 for complete overestimation.

The global similarity index (w_T) is given by:

wr =ar — Pr —Vr
Equation 4

With w_T=1 for a perfect calibration ant w_T=-1 for a bad calibration.

These indexes where used to select the best set of propagation parameters for each torrent.

RESULTS AND DISCUSSION
The calibration indexes obtained for the best set of propagation parameters are shown in Figure 4 for both DFW and DFD catchments. The
calibration is on average acceptable with overlap index in the range of 0.4-0.55 and 0.5-0.7 for DFW and DFD respectively. Underestima-

tion indexes are generally relatively low (<0.15) while overestimation indexes are higher (median around 0.25 and 0.38 for DFW and DFD
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respectively). Indexes also indicate a better fit for DFD compared to DFW catchments. However, one must keep in mind that only 4 DFD

catchments were included in the analysis.
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Figure 4: Boxplots of calibration indexes obtained for the 23 catchments.

The best propagation parameters obtained are shown in Figure 5. It is interesting to note that DFW have generally higher friction angles
(range 10° — 16° with a median value of 14°) and higher spreading parameters (range 8 — 20 with median value of 14.5) compared to DFD
(median values of respectively 9.5° and 10.5), meaning that DFD propagates further. This is consistent with the differences in flow pro-
cesses as DFW generally have non-Newtonian properties with a yield strength. Previous studies also suggest that fine grained flows have
lower friction angles compare to coarse grained debris flows (Kappes et al. 2011, Horton et al. 2013). The detailed triggering mechanisms
(landslide and/or bed erosion) are unknown and one can consider that - in addition to other factors - this leads to the observed variability

in spreading parameters. Future works could investigate this effect.

Despite the analyzed widespread event has a high return period (both regarding the rainfall and the geomorphic changes), the back-cal-
culated friction angles are higher than those obtained in previous studies. For instance, reviews of Horton et al. (2013) and Kappes et al.
(2011) suggest a minimum angle value of 11° for DFW and values as low as 7° for finer grained flows. Using the Flow-R model, Pastorello
et al. (2017) obtained friction angles of 10° and 11° for two Italian DFW torrents, Kappes et al. (2011) used a value of 11° for rare events in
the Barcelonnette Valley (France), while Jiang et al. (2021) used a back-calculated value of 9° for DFW in a Chinese Valley. This could be
attributed to differences in the studied cases, but also to the method used. In particular, the differences in DEM resolution and the choice

of the velocity limit (which is set to zero if the average energy line is considered) seem critical.
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Figure 5: Boxplots of Flow-R propagation parameters calibrated for the 23 catchments.
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Figure 6: Relation between the back-calculated friction angle and the average fan slope for the 23 catchments.
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Because fan slope is generally a good proxy of flow processes (type of flow and deposition behavior) and because it is easy to character-
ize, we analyzed the relation between the calibrated friction angle and the average fan slope for the 23 catchments. A strong correlation is
observed, independently from the type of catchment (Figure 6) which could be considered obvious as fans are built due to torrential flows
deposition. However, knowing in detail how friction angles and fan slopes are related during high magnitude events is of great interest for
practical applications (Prochaska et al. 2008). It could for instance be used to adapt propagation parameters spatially and create more real-
istic susceptibility maps. In our case, we observe a linear relation (exponent of nearly 1) with a proportionality coefficient between friction
angle and fan slope lower than 1 (range 0.5-1, 0.73 on average). This is similar to the recent results obtained using another 2D friction model

by Rickenmann and Scheidl 2023 (value of 0.86 for 26 cases using a 2D Voellmy friction modeD).

This back-analysis needs to continue and to include more catchments with contrasted events. We could then expect to improve the ranges
of plausible propagation parameters and the methods that can be used to estimate these parameters depending on the catchment and the

scenario considered.

CONCLUSIONS

We used Flow-R, a reduced complexity model, to back-analyze at the valley scale an extreme event that occurred in the French Alps in 1957.
A sensitivity analysis was performed to calibrate the propagation parameters (friction angle, spreading parameter “X” and surelevation pa-
rameter “dh”) for 23 catchments. We observed that this simplified approach can reasonably reproduce the observed extends of debris flows
and debris floods. The calibration of propagation parameters indicates that debris floods propagates generally further than debris flows. The
fan slope was also found to be a good proxy of the back-calculated friction angle independently from the type of flow. These findings could
be useful for practitioners to map present or future torrential hazards, including global warming scenarios (due to the emergence of new
sediment sources or to the increase of extreme events probability, etc.). This ongoing study would benefit from a more in-depth analysis,

by including more catchments and other type of events.
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