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Abstract Debris flows are solid‐liquid mixtures originating in the upper part of mountain basins and routing
downstream along incised channels. When the channel incises an open fan, the debris flow leaves the active
channel and propagates downstream along a new pathway. This phenomenon is called an avulsion. We retrieve
the most probable avulsion pathways leveraging a Monte Carlo approach based on using Digital Elevation
Models (DEMs). Starting from LiDAR‐based DEMs, we build an ensemble of synthetic DEMs using a local
Gaussian probability density function of local elevation values and obtain an ensemble of drainage networks
using a gravity‐driven routing algorithm. The ensemble of drainage networks was used to obtain the most
probable pathways of avulsions. We applied our methodology to a real monitored fan in the Dolomites
(Northeastern Italian Alps) subjected to debris‐flow activity with avulsions. Our approach allows us to verify the
consistency between the occurrence probability of a synthetic pathway and those that historically occurred.
Furthermore, our approach can be used to predict future debris‐flow avulsions, assuming relevance in debris‐
flow risk assessment and planning of debris‐flow control works.

Plain Language Summary Debris flows are impulsive routing of mixtures of water and solid
material that start in the upper parts of mountain basins after intense rainfall events. These flows move
downstream through channels, carved within the debris fan, which act as preferential pathways. Debris flows
can leave original channels and may suddenly change direction and propagate downstream along pathwaysThis
phenomenon, called avulsion, increases the difficulty for scientists to assess the most probable debris‐flow
pathways and, much more, future possible ones. We answer this scientific call via a Monte Carlo approach based
on an ensemble of synthetic DEMs obtained from available ones. Our framework involves running many
simulations, leveraging synthetic possible terrains based on available data, and retrieving as many synthetic
equiprobable debris‐flow pathway configurations to be wrapped up within a probabilistic framework.

1. Introduction
Debris flows are solid‐liquid mixtures of water and sediment that usually occur at the base of cliffs, when
abundant runoff delivered by rocky chutes after high‐intensity rainfall, impacts debris deposits and, after
entraining large quantities of material, forms a surge composed of a solid front and a fluid body (Berti &
Simoni, 2005; Gregoretti et al., 2016). The surge routing downstream at high speed erodes the sedimentary bed
material, thus forming a solid‐liquid current with an increasing magnitude (up to one order of the starting one;
Theule et al., 2015). The routing pathway can be divided into high‐, intermediate‐, and low‐sloping. The high‐ and
low‐sloping parts of the pathway are dominated by erosion and deposition, respectively, while in the
intermediate‐sloping reach, erosion and deposition nearly balance themselves (Bernard et al., 2024). Moreover,
the route itself can be confined or unconfined. The first case occurs when it runs between two slopes, or when it
has a high bed‐slope angle (≥20° according to Fannin and Wise (2001) and Simoni et al. (2020)) so that erosion
processes dominate, and it deeply incises the fan. Conversely, the second case occurs in semi‐conical‐shaped fans,
when the channel‐bed slope is not high so that erosion processes do not dominate, and the channel cannot
significantly incise the fan. In this case, the deposition of sediments can partially plug or fill the whole cross‐
section of the channel, hence forcing subsequent flows to take a different pathway on the fan surface, that is,
provoking the active channel branching or flow avulsion (De Haas, Kruijt, & Densmore, 2018). Avulsions can
also result from overtopping in narrow bends when superelevation exceeds the outer banks of the channel
(Zubrycky et al., 2021). An avulsion is a process occurring when a debris flow spills out from its active channel,
thus concentrating on existing (i.e., paleo) drainage lines or creating new ones, allowing the spatial‐temporal
evolution of its fan.
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The phenomenon of avulsion has been approached in the study of fan formation by quasi‐cyclic alternations of
backfilling, avulsion, and channelization (Hooke, 1967; Van Dijk et al., 2012). De Haas, Kruijt, and Den-
smore (2018) identified two main causes for the avulsions: the plug of the active channel determined by depo-
sition phenomena occurring for the small inertia of a sequence of small‐to moderate‐magnitude debris flows, and
the levees breaching of a single high‐magnitude debris flow. The field investigation of Tsunetaka et al. (2024)
confirmed these outcomes. De Haas, Densmore, et al. (2018) analyzed the spatial‐temporal evolution of sixteen
debris‐flow fans all over the world and concluded that: avulsions have a persistent pattern, in the sense that they
tend to re‐occupy older channels on the fan surface (i.e., inactive or paleo routing pathways). To predict the flow
pathways of avulsed flows, de Haas et al. (2019), Zubrycky et al. (2021), and Herbert et al. (2024) analyzed the
morphological factors controlling the debris‐flow avulsions. De Haas et al. (2019) analyzed nine debris‐flow fans
in Saline Valley (California) and determined that the channel plug formation is the determinant mechanism for
avulsion occurring when the deposition thickness equals or exceeds the channel depth. Zubrycky et al. (2021)
examined the spatial impact of debris flows in 146 cases with the results that most avulsions originate at distances
between 20% and 40% of the maximum fan length evaluated from the fan apex and their largest fan cross extent is
smaller than 40% of the corresponding fan cross extension (i.e., relative to the endpoint of the avulsion). Herbert
et al. (2024) studied the relationships between 29 avulsion locations and channel characteristics and determined a
site‐specific expression in which the avulsion likelihood depends on the percentage of boulders, slope angle,
channel width, and the ratio between flow thickness and average slope. Baggio et al. (2024) delineated a
framework to improve hazard maps and investigate the impact of various forcings, such as rainfall patterns, on
two monitored mountain catchments in the Italian Alps. A method for identifying the flow path of debris‐flow
avulsions is yet missing. Therefore, we propose a novel methodology to determine all probable debris‐flow
pathways on sedimentary‐shaped fans by a simplified topographic‐based approach, relying on both a limited
number of available multi‐temporal Digital Elevation Models (DEMs) and employing them within a stochastic
framework. It is worth noting that in our research, a DEM is intended to be a mathematical representation of the
bare earth in digital form (e.g., Vosselman & Maas, 2010), that is, without any overground features (e.g., trees and
buildings). The main idea of our research is to move from a limited number of surveyed topographic surfaces
toward extrapolating other synthetic surfaces to investigate avulsion directions and spatial patterns in a stochastic
way, which is not possible otherwise. Our viewpoint enrolls the multiplicity of information about a fan topog-
raphy as a “source of uncertainty” that can be exploited to retrieve other possible topographic scenarios. These
topographic scenarios, that is, other configurations of the terrain surface, may have existed (but never monitored)
in the past, may have happened in the future, or not. But that's not the point: what matters for us is to exploit the
widest possible variability of the terrain surface we are working on, upon the available (monitored) DEMs, by
generating synthetic digital surfaces. Thus, we consider a Monte Carlo‐based approach to infer a set of synthetic
digital surfaces for an investigated debris‐flow fan. Noteworthy, these approaches are employed in other branches
of the hydrological sciences (e.g., Schiavo, 2022, 2023), such as in groundwater flow and transport processes
(e.g., Schiavo et al., 2022; Guadagnini et al., 2020, respectively), or landscape evolution processes (e.g., Anand
et al., 2023; Bonetti et al., 2020). In the end, merging these approaches allows us to step up in debris flow analysis
and assessment by proposing to identify their pathways from a probabilistic perspective leveraging the ability to
“create” multiple synthetic (possible, since data‐driven) realities.

Developing the ability to represent multiple possible topographic scenarios enables us to analyze the routing
network (i.e., the flow patterns) for as many terrain realizations, allowing us to seek any possible spatial variation
(read avulsion) in flow patterns. For this task, we propose the use of a common routing algorithm (i.e., the
“Deterministic‐8,” also named “D8” flow algorithm; see e.g. Howard, 1990) that, by working along the steepest
path, maximizes potential energy losses along the debris‐flow route (as e.g. in Orlandini & Moretti, 2009; and
aligned with analysis conducted by Pederson et al., 2015). Furthermore, a large enough volume (in the sense of a
total volume of Monte Carlo runs, which must be large enough to comply with the numerical stability of the
ensemble: see Ballio & Guadagnini, 2004; Schiavo, 2024, as references, as explained in the Methodology) of
simulated synthetic routing networks enables us to examine the local probability of a point being routed by a
debris flow, hence identifying an avulsion along a certain preferential direction.

Is it possible to employ topographic data time series to probabilistically extrapolate other plausible digital syn-
thetic scenarios of the observed physical reality How possible avulsions can be carved into our domain for many
synthetic simulations, hence from synthetic terrain configurations? We aim to answer these questions, as well as
the aim to define, if possible, the most probable pathways in the case of avulsions, and to quantify their likelihood
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of occurring. As a result, Our research could represent a valuable source of information for scientists and
technicians involved in the study and design of the debris‐flow control works. Control works should be positioned
for intercepting and conveying the debris flows to an ending retention basin (Barbini et al., 2024). Due to the
increased frequency of occurrence of debris flows in the last decades because of the climate transition we are
experiencing (Stoffel et al., 2014, 2024), control works are assuming more and more relevance for limiting the
socio‐economic impact of debris flows (Strouth & McDougall, 2021; Thiene et al., 2017). The expected outcomes
of such a framework would be to be able: (a) to provide a simplified and flexible framework to exploit available
topographic surveys as much as possible to retrieve information about debris‐flow pathways and avulsions; (b) to
spatially reproduce the debris‐flow pathways and hence potential initiation points (see Gregoretti & Dalla
Fontana, 2008) of past and present flows that occurred in a study catchment; these latter points would be identified
as the starting locations within the domain where extracted probable pathways stem from. In some cases, the real
initiation point's location depends on the morphology of the headwater (upstream) catchment, if any (see e.g.
Barbini et al., 2024). Moreover, we aim (c) to provide a quantitative probabilistic assessment of the hazardousness
of a domain location to reside onto a possible avulsion, and to seek to predict the best configuration of control
works in the case of unconfined debris flows.

2. Methodology
2.1. The Study Area and Historical Data

The National Road SS 51 north to Cortina d’Ampezzo (Dolomites Northeastern Italian Alps, Figure 1, panel a)
runs streamwise along the Boite River, following a nearly straight line from km 106 to km 110. This path includes
the basis of several debris‐flow fans. These fans originate at the base of the rocky cliffs constituting the
Pomagagnon Ridge. The rocky cliffs are mainly calcareous‐dolomitic and belong to the Limestones of the
“Calcari Grigi” overlaid by the thick dolomitic succession of the “Dolomia Principale” Formation and are
characterized by fractures that make them subject to frequent failures (Marchi et al., 2008). This study is focused
on the fan in correspondence of km 109 of SS 51, one of the largest of the considered study areas, which originated

Figure 1. The area of investigation is located in the Belluno province (Northeastern Italy, panel a). Historical debris‐flow pathways that occurred from 1954 to 2021 are
depicted by colors. Two infrastructures, the National Road 51 and a bike path, overlap in gray and yellow and are located downstream of the debris fan area (within the
white polygon), respectively, in panel (b) Panel c illustrates a photo of the two major debris‐flow channels downstream of the fan apex, at the feet of the rocky cliff of the
Pomagagnon Ridge; downslope debris flow preferential directions, following main incised channels, are highlighted by white arrows (panel c).
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from the deposition of gravely debris via several debris‐flow events and cliff failures (i.e., rocky landslides) across
the centuries. Here we distinguish a main contributing basin (Gregoretti & Dalla Fontana, 2008), and other
smaller basins (see Figure 1, panel b). Gregoretti and Dalla Fontana (2008) determined an initiation area at the
base of a cliff where a debris‐flow channel starts and initially runs between two straight rocky ridges (Figure 2’s
panel a, and Figure S1 in Supporting Information S1 panel a) so that the debris flow is continuously supplied by
the runoff descending from them. Therefore, Gregoretti and Dalla Fontana (2008) positioned the flow control
section at the outlet of the runoff contributing basin area at the apex of the fan where a check‐dam as a control
structure is located and the rocky ridges end. At the outlet of the other two contributing basins originating at the
feet of the rocky cliffs, a concentrated flow triggers solid‐liquid surges routed further downstream along the fan.
The debris flows downstream the fan apex are usually subjected to avulsion because of channel plugs caused by
stopping small‐to moderate‐magnitude debris flows. Figure 2 shows the shifting of the active channel after the
event of 4 July 2011 (Bernard & Gregoretti, 2021). Other significant events are those that occurred in 2004 and
2006 (Gregoretti & Dalla Fontana, 2008; D’Agostino et al., 2010), both reaching and interrupting the national
road SS 51 and those of July and August 2011 (Bernard & Gregoretti, 2021) that reached the cycle path running
parallel to the SS 51 at a more elevated location. In July 2013, a major cliff failure interrupted the main debris‐
flow channel just upstream of the fan apex, and debris flows worked their way through the rocky deposit in the
period 2013–2021 (Figure S1 in Supporting Information S1), until on 5 August 2022, a debris flow reached and
again interrupted the cycle path following the active channel of 2006 (Figure 1, panel a).

A graphical representation of the most recent historical debris‐flow pathways within the considered fan is re-
ported in Figure 2. These pathways were manually digitalized through photointerpretation of aerial images
collected between 1952 and 2021, and 8 main active channels have been identified and secondary branches
spanning the whole investigated debris‐flow fan are identifiable, as reported in Figure 2 panel b, and offered in
different colors (from green to red, for the following years: 1954, 1962, 1984, 1991, 1996, 2001, 2006, and 2011,
also reported in Figure 1's panel b). In Figure 1, we do not highlight the debris‐flow historical pathway related to
the flow that occurred in 2021 since it does not significantly differ from the pathways of the one that occurred in
2011.

2.2. Topographic Data and Preliminary Statistics

Our research relies on an Airborne Laser Scanning (ALS)‐derived topographic time series, which, from a sta-
tistical standpoint, spans a short time window (15 years, from 2006 to 2021), in a discontinuous, incomplete, and
heterogeneous manner. Specifically, despite the unavailability of full‐detailed survey specifications and official
reports, it can be assumed that the employed data were collected in non‐consecutive years, on different seasons
(i.e., autumn/winter or spring/summer), using different sensors (e.g., full‐waveform or discrete returns systems)
and acquisition parameters (e.g., flight height or pulse repetition rate). Furthermore, because of the diversity of
involved public stakeholders (i.e., Ministry, Region and Local Authorities) as well as private survey companies,

Figure 2. Front view of the investigated debris‐flow fan with the shifting of the active channel (a) and two upstream‐
downstream views of the active channel before (b) and after the shifting (c).
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the raw data themselves were likely processed differently, that is, by
following different pipelines, each employing specific algorithms and soft-
ware (e.g., Terrascan™ or LAStools™). Nonetheless, despite these limita-
tions relevant from a statistical point of view, the employed topographic time
series can be regarded as a typical starting point for any topographic‐based,
multi‐temporal analysis related to debris‐flow channels and fans, offering a
reliable foundation for evaluating the effectiveness of the proposed meth-
odology. A rough insight into the vertical accuracy of DEMs is reported in
Table 1 within the Appendix Section. In contrast, a comprehensive overview
of the Airborne Laser Scanner technology, both full‐waveform and discrete
returns, can be found for example, in Vosselman and Maas (2010), Mallet and
Bretar (2009) and Wagner et al. (2006). The available data were collected in

different years (and seasons), using different sensors and acquisition parameters. Furthermore, the raw data
themselves were processed differently, that is, by following different workflows based on specific algorithms.
However, even if not optimal from a statistical perspective, the employed topographic time‐frames can be
regarded as a typical starting point for any topographic‐based, multi‐temporal analysis related to debris‐flow
channels and fans, thus representing a reliable circumstance for testing the effectiveness of the proposed
methodology.

Starting from the available ALS data, 5 orthogonal and concurrent multi‐temporal DEMs were interpolated for the
study area (about 0.8 × 1.1 km) at a grid spacing of 2 × 2 m (about N = 2 × 105 pixels details not shown; see
Boreggio et al., 2018 and 2022 for further details). Each ith pixel centroid (i = 1, 2, …, N) is embedded, for each
DEM surface, by its elevation value zi = z(xi), located in the centroid coordinates, xi = (xi, yi). We call it a local
elevation difference, σ[z(xi)] = σ(xi) , that is, the change at the pixel i in the DEM's elevation. In Figure 3, all the
available DEMs are offered as Dem of Differences (DoD), that is, by depicting the elevation differences σ(xi)
between each DEM's local elevation (at each pixel xi, with the spanning index i = 1, N) and its 2006 DEM
counterpart at the same location. More information about DoDs is given in Figure S2 in Supporting Informa-
tion S1, where the empirical (i.e., observed) density functions (first row of panels) and cumulated density
functions of elevation differences (second row) are included to demonstrate how the DEMs change within the
15 years of measurements, respectively.

Overall, the empirical probability distributions (PDF; second row of Figure S1 in Supporting Information S1,
panel b) predictably show an almost normal distribution in 2010 elevation differences, with a median of about
0.0 m. This zero‐median value of elevation differences is not unexpected, since it is due to a balance between
erosion and deposition volumes, here treated as elevations per pixel units. These differences are almost negligible
(<0.1 m) for most of the area, except for locations suffering from high erosion and depositions, that is, those at the
feet of the rocky cliff (named fan apex in Figure 1b) and in the proximity of an existing sediment retention basin
(see Figure S1 in Supporting Information S1, panel a for details). In fact, by considering that the computational
domain represents the entire debris‐flow fan, a substantial balance between erosion and deposition volumes is to
be expected. On the other hand, the empirical PDFs are more left‐skewed for 2011, 2015, and 2021 (median
elevation differences of about − 0.5 m), thus indicating a substantial erosion tendency (see Figure S1 in Sup-
porting Information S1, panel b). However, a closer look at the elevation differences maps reveals that most of
these differences are attributable to inherent noise and alignment problems among the employed DEMs, with
spatial patterns having both a low coherence and a low correspondence with the expected ones. Even if this
evidence can be regarded as a major drawback for most multi‐temporal DEMs‐based analyses, as it will be
highlighted in Section 2.3, the proposed methodology takes advantage of any morphological variation predicted at
the pixel scale by the elevation differences maps, regardless of whether it is real or not, since it represents a source
of variation that can effectively be exploited within a stochastic framework for the automatic delineation of most
probable debris‐flow pathways. As a result, no further pre‐processing of the available topographic data was
performed before the presented analyses.

2.3. Stochastic Framework for Debris‐Flow Pathways

We performed a simulation campaign with three different simulation scenarios, each differing from the others
based on the starting DEMs used: scenario 1 (employed DEMs: 2011 and 2021), scenario 2 (employed DEMs:
2011, 2015, 2021), and scenario 3 (employed DEMs: 2006, 2010, 2011, 2015, 2021). Such a grouping of

Table 1
Vertical Accuracy of Digital Elevation Model Elevation Data Acquired for
Another Catchment in the Fiames Area (BL, Italy)

Survey date Median (m) NMAD (m)

2006 0.10 0.43

2010 0.06 0.21

2011 − 0.23 0.36

2015 0.02 0.23

2021 − 0.02 0.08
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topographic data has been done to ensure the widest possible variability in local elevation values, that is, at the
pixel scale. In this way, we want to analyze also the impact of a different volume of input information, that is,
DEMs, on the generation of stochastic terrains. Therefore, in Scenario 1 we started by employing the most
different DEMs upon their elevation CDF, that is, those monitored in 2011 and 2021, and progressively involving
the other available DEMs (2006, 2010, and 2015) in Scenario 2 and 3. For each simulation scenario, if m are the
starting DEMs involved in calculations (e.g.,m= 2 and 6 in Scenario 1 and 3, respectively), the local elevation an,
μ(xi), and standard deviation, σ(xi) , are calculated among the m elevation values corresponding to the pixel i.
Then, for each scenario, we postulate that possible (synthetic) elevation values are Gaussian‐distributed, hence
their empirical distribution is fully acknowledged once μ(xi) and σ(xi) are known at each pixel i. This assumption
of a Gaussian distribution for building probability density functions based on field data is widely employed in
geostatistical and geoscience applications (see e.g. Guadagnini et al., 2020 for a different variable; Schiavo, 2022,
2023 for permeability values; Schiavo et al., 2022 for elevation values).

Postulating a Gaussian distribution of synthetic elevation is a mathematically‐based hyphotesis. Here we can
support this hypothesis upon (at least) three argumentations: (a) most processes reach, after a sufficient time for
process development, a Gaussian (or Normal) distribution of possible values of a variable of interest (see
Rodriguez‐Iturbe & Rinaldo, 2001), which is assured by the Central Limit Theorem (see e.g. Stahl, 2006) and is
valid across a wide variety of applied mathematics problems. Moreover, (b) several processes related to flow and
transport in surface or groundwater bodies (see e.g. Guadagnini et al., 2020; Zehe et al., 2021) fulfill this point of

Figure 3. Historical Digital Elevation Model information from 2006 to 2021, depicted by differences from 2006 in meters, as Dem of Differences. Here we depict only
significant erosion and deposition elevation changes, that is, those exceeding a local elevation of 1 m, respectively. This eases the identification of the areas more prone
to erosion or deposition across the 5 DoDs. The elevation difference cutoff values have been chosen to highlight major erosion and deposition volumes.
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the discussion. From a more practical viewpoint, (c) the 5 values of local elevations we gathered, at each domain
pixel are mostly distributed as a discrete Gaussian distribution, with one of the 5 values close to the average of
local elevations (see elevation differences histograms, hence probability density functions, in Figure S1 in
Supporting Information S1, panel b: skewness values are low, and elevation differences are almost gaussian).
These three considerations let us be confident of assuming this hypothesis even in this context, which falls within
the same field of hydrological sciences.

We simulate an ensemble of Monte Carlo simulations of the local elevation of the domain's cells. The generation
of random elevation values is performed with a confidence interval ranging from the local mean elevation value,
E[z(xi)], between a total amplitude of ±2σ(z(xi)). This way, elevation values are synthetically simulated within a
0.95 confidence interval around the local mean μ(xi) , and are differently evaluated at each pixel. Therefore, this
approach simulates a local elevation value z̃r(xi) at each pixel that does not necessarily coincide with recorded
DEM elevations. For each scenario, we simulate a large enough collection of NMC = 1000 MC (see again Ballio
& Guadagnini, 2004; Schiavo, 2024 for references) random Monte Carlo realizations of the local DEM's
topography.

We considered each MC‐realization as (a) a random field, with locally varying elevation patterns. We thresholded
each topography simulation (b) upon a prescribed area‐based threshold (in pixel units), hence informing about the
being exceeded or not and returned a binary statement (1 or 0, respectively). We also considered (c) the ensemble‐
averaged topographic surface to retrieve, for each simulation scenario, the most probable configuration of the
domain; this is possible since within a Gaussian distributed MC‐series of realizations, the local average elevation
value coincides with the most probable one. This step gives us the chance to move the analysis within the
probability domain. This can be explained by introducing an indicator variable as follows:

Ir (xi) = {
1 if Ar (xi) ≥ thr

0 if Ar (xi) < thr
with r = 1, R (1)

with r = 1, R being each M realization, Ar (xi) the local elevation value (considered as a random variable, as in (a)
before) simulated for the rth realization at the ith cell of the domain (i= 1, 2, …, N), and Ir (xi) is the value of I(xi)
in rth realization of the ensemble. Thresholding the simulated random variable returns, therefore, a logical (b)
statement, as shown in (Equation 1). Then, Pr(xi) was computed as:

Pr(xi) =
1
R
∑
R

r=1
Ir (xi) =

q
R

(2)

with q (an integer between 1 and R) being the number of MC realizations (up a maximum of R) where the indicator
variable is equal to one at the ith location, hence exceeding a prescribed area‐based threshold. Since the reference
density function is Gaussian, the mean, the median, and the mode coincide with the most probable value, that is,
with the result of the (Equation 2), as stated in (c). The volume of MC simulations must be enough to ensure the
numerical stability of results, which is stated by appraising the stationarity of the first statistical moments of the
variable z̃r(xi) across CM simulations (see e.g. Ballio & Guadagnini, 2004; Schiavo, 2024). Therefore, the in-
dicator I(xi) is a random variable that follows a Bernoulli distribution with probability given
by Pr[I(xi) = 1] = Pr(xi) .

In the end, to derive a digital drainage network, we employ a “Deterministic 8” (i.e., D8) routing algorithm for
each MC‐topographic surface, as often used in the modeling of flows routing along steep slopes (see e.g. Gre-
goretti et al., 2016; Orlandini & Moretti, 2009; Simoni et al., 2020). In detail, each MC‐surface passes through a
pit‐filling phase, the local extraction of slopes and D8 flow directions, and the quantification of the corresponding
drainage area variable, Ai. An overall view of these methodological steps is presented in the flowchart of Figure
S3 in Supporting Information S1.

Our stochastic methodology is exploited to simulate in a simplified way the whole spectrum of morphological
variations that can occur within a debris‐flow fan because of several geomorphic processes (e.g., debris‐flow‐
related erosion and deposition, slope failure and debris plug). The D8 flow routing algorithm is used to define
the debris‐flow pathways on such randomly perturbed synthetic digital surfaces.

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007946
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3. Results
3.1. Synthetic Debris‐Flow Pathways

The use of synthetic DEMs from the Monte Carlo‐based methodology we propose led us to extract as many
different networks as possible that debris‐flows may route if avulsions occur. Figure 4 illustrates three Monte
Carlo drainage area realizations, in squared meters, as examples of outcomes for as many MC‐topographies (by
columns), for each of the three Simulation Scenarios (by rows), described in Section 2.3. A first appraisal allows
us to detect that different simulations within the same scenario do not differ too much from each other regarding
the network's topology, as local elevation variations induce only local perturbations in the synthetic simulated
terrain, and hence local variations in pathways.

For each simulation scenario tested, the ensemble‐averaged topographic surface enables the extraction of the best‐
estimated drainage area function and returns its most probable result in terms of flow pathways. This is because
we employed a Gaussian Distribution (see Section 2.2) to reproduce the multiplicity of possible local elevations
throughout the debris‐flow fan; hence, the mean value of such a distribution coincides with the median and the
mode, and thus with the most probable one. Figure 5 presents the ensemble‐averaged drainage area functions for
each simulation scenario (by column). Enlargements at the bottom of each panel highlight the scale of variation of
this spatial variable among the different tested simulation scenarios. Overall, preferential flow directions remain
consistent at the catchment scale, since the variations within the drainage network structure are localized and have
no significant impact on full‐scale flow directions.

The main strength of the proposed stochastic framework is its ability to shift the identification of debris‐flow
routes and corresponding spatiotemporal variations (i.e., avulsions) into the probability domain. Figure 6
serves this aim, by illustrating the local probability Pr(xi) of having a possible flow line (hence a pathway) for the
transit of a debris flow, hence a routing occurrence, which consists of an avulsion if out of the carved main
channel. This probability is extracted starting from a certain drainage area‐based threshold (which is subjective;

Figure 4. Illustration of one Monte Carlo drainage area simulation for the three employed Simulation Scenarios (panels a–c).
As offered in each panel's enlargement, the variation in drainage patterns is relevant only at a large‐scale of investigation.

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007946
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here we set them at thr= 102, thr= 103, and thr= 5 × 103 pixels as exemplary ones) imposed on synthetic routing
networks of each Simulation Scenario (by column). The lower the threshold, the higher is the likelihood of having
a pathway at a randomly selected point of the domain. Conversely, the higher the threshold, the less dense the
drainage network becomes; hence, only the major drainage lines are extracted.

3.1.1. Drainage Pathways and Differences Across Different Simulation Scenarios

In Figure S4 in Supporting Information S1 we investigate, for illustrative purposes, one of the most recent events
(2011 one, Section 2.1 and Figure 1) by tracing its pathway and plotting the cumulative distribution of the
drainage area function (panel b), and that of the occurrence probability of having local conveyances higher than
(Ai > 400 m2). Results from different scenarios 1, 2 and 3, are depicted in black, blue, and red lines, respectively. It
can be observed that Scenarios 1 and 2 are similar in mimicking the considered historical pathway, as evidenced
by their nearly coincident CDFs in both panels a and b for the upstream characteristics of the pathway. This
suggests that the two ensemble‐averaged DEMs are comparable to each other and return similar drainage patterns.
Scenario 3 yields different results, probably due to the employment of DEM information from 2006 to 2011. In
any case, the ability of ensemble‐average DEMs to replicate the historical pathway is notable, as all three cases
return a cumulated probability of about 0.6 at a progressive distance of about 250 m from the pathway's origin (see
panel c). This indicates that roughly two‐thirds of the pixels belonging to our reconstructed pathways reside on a
historical pathway as well.

3.2. Historical and Synthetic Debris‐Flow Pathways and Identification of Possible Avulsions

Figure 7 (panels a–c) illustrates historical pathways within the study area, as they have been presented in Figure 2,
depicted here in red. These are overlapped with synthetically extracted pathways (the best‐estimated ones ach-
ieved from the ensemble‐average topographic surfaces), based upon a drainage area‐based threshold of
4 × 103 m2, depicted in blue for each Simulation Scenario. First, it can be visually appraised that all the historical
pathways resemble some of our synthetic ones. Overall, this can be expected since, in the present research, we are
using a set of multi‐temporal DEMs covering a later time window than most of the considered historical debris‐
flow pathways. Therefore, the trace of most of these preferential flow routes is already defined in the employed

Figure 5. Ensemble‐averaged drainage area functions (panels a–c) for each of the three Simulation Scenarios, with enlargements to facilitate the identification of the
local probable debris‐flow pathway variations.
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digital topographic surfaces. Moreover, as highlighted by Figure 7, apart from spanning the whole considered
debris‐flow fan, the higher density of synthetic pathways is conveyed in proximity to the historical ones. This can
be explained by the fact that local elevation variations have a local impact on each topographic surface. This
localized effect is consistent (as highlighted by De Haas, Densmore, et al., 2018) with the fact that avulsions tend
to follow pathways that previously occurred in the past since the most probable pathways overlap historical ones
and occasionally result in local branching from historical pathways. These results enable us to assess all the
possible avulsions that may stem from possible local topographic variations. The best possible match is in the
most upstream branch portions, that is, in the initiation part of the flows. Here, the local overlapping between
historical (red) and simulated (blue) pathways is very accurate. However, the branching multiplicity is less ac-
curate downstream, since each variation in the DEM may provoke a completely alternative pathway. We use at
this stage the overlapping as a metric of goodness, as done by Schiavo et al. (2022), and leave the presentation of
further details about the matching likelihood between historical and synthetic (probable) pathways in Section 3.3.

In Figure 7 (panel d), an enlargement of the debris‐flow fan apex is offered to ease a large‐scale inspection of the
location of historical and possible (synthetic) debris‐flow pathways. The latter are possible pathways in the case of
avulsions occurring in the high‐sloping reach of active debris‐slow channels, retrieved by our simulations and
thus referring to events that have not yet occurred. This is true for all synthetic pathways that do not match with
the historical ones, regardless of the considered active channel reach that is, high‐, intermediate‐, and low‐sloping
reach; Section 1, whereas in Figure 7 only an example referring to the upstream part of the catchment has been
given.

We can prove the consistency of our approach by assessing the good the match is between the most probable
synthetic pathways and historical ones. To this aim, Figure S5 in Supporting Information S1 shows a perspective
view of the same enlargement offered in Figure 7d. Historical pathways are depicted in red (see e.g., those in
proximity to the letter a), and visually match the extracted debris‐flow network (overlapped in blue, as in
Figure 7's panels). Moreover, the location of possible debris‐flow pathways, which are not the historical ones, in

Figure 6. Avulsion probabilistic outcome of stochastic simulations, framed upon different drainage area‐based thresholds for each Simulation Scenario (by column).
Each probability map is jointly offered with an enlargement of a portion of the computational domain, to ease the identification of local changes in the likelihood of
having debris‐flow pathways.
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the case of avulsions is highlighted by letters (b) and (c), for exemplary purposes. Other possible channels can
occur where there are morphological shapes that carve the terrain and tend to convey subsequent flow events, such
as paleochannels not active within the observation period. In the case of paleochannels, as the one highlighted by
(c), they are carved on the employed DEMs, and are in vegetated areas where the local terrain tangential curvature
is suitable for possible flow concentration and routing. Of course, the most expectable debris‐flow dynamic along

Figure 7. Ensemble‐averaged debris‐flow pathways (in blue) and historical ones (in red) for each Simulation Scenario (panels
a–c), at the debris‐flow fan scale. For exemplary purposes, the debris‐flow fan apex is enlarged (panel d) for simulation
stemming from Scenario 1. The match between synthetic pathways and historically occurred ones, and other possible
pathways in the case of avulsions occurring in the high‐slope reach of the active channels, are observable.
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these probable pathways, as well as their possible deviation, cannot be fully evaluated by our methodology but
must be demanded for further analyses through debris‐flow routing models.

3.3. Consistency of Possible Avulsions Along Specific Flow Lines: The Case of Historical Pathways

We now aim at assessing and quantifying the goodness of our approach in reproducing pathways of historically
occurred flows (1954, 1962, 1980, 1991, 1994, 2000, 2006, 2011; Figure 2 panel b). As introduced in Section 2.1.
These debris‐flow main pathways were manually digitalized through photo interpretation of aerial images
collected between 1952 and 2021 by the Mountain Hydrology group at the University of Padova in the previous
years (see Acknowledgments). It is therefore worth keeping in mind that these linear features represent only the
rough trace of the most recent main flow directions and not the thalweg of the active channels themselves.
Although these identified features may be prone to local hand‐made digitalization errors, they serve here to our
purpose of quantifying if high discrepancies arise between our probabilistic delineation of debris‐flow pathways
and historical ones.

We compare the spatial location of each of the 8 yearly historical pathways with our probabilistic outcomes, the
latter ones obtained from each Simulation Scenario and previously thresholded upon a minimum drainage area of
400 m2 (arbitrarily chosen for exemplary purposes, and consistent with Section 3 results). Then, we quantify the
likelihood of matching a yearly historical pathway by calculating the probability of having a synthetic pathway in
pixels where historical ones occurred. We estimate this likelihood by assessing the local probability of occurrence
of synthetic pathways (properly thresholded) along historical pathways, where the local (historical) occurrence
probability within the period 1954–2011 is equal to 1. This way, the higher the local probability, the closer our
spatial (probabilistic) reconstruction of possible pathways, hence the higher the consistency of our probability
outcomes of locally resembling observed historical pathways. The following Figure 8 illustrates, for each yearly
pathway, the likelihood of matching our simulations. As can be appraised by boxplots, the matching likelihood
varies upon the year (a subplot for each one) and the Simulation Scenarios (on plots' x‐axis) which are employed
in the spatial comparison.

Figure 8. Matching likelihood between historical (i.e., observed) debris‐flow pathways and probabilistic (i.e., simulated) ones is estimated by offering the range of
variability of local probabilities of occurrence of synthetic pathways (in boxplots, for each Simulation Scenario) along historical routes (one subplot for each route).
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3.4. Predicting Future Debris‐Flow Avulsions

Our stochastic framework can also be employed in a predictive perspective. To do this, we take the first available
DEM (the 2006 one) and we stochastically perturb its topography to achieve multiple possible perturbed terrains
by imposing on each DEM's pixel a random vertical perturbation (between − 4 and +4 m), with a sensitivity of
0.05 m. This local elevation change range was taken from the 95% confidence interval of CDF's variations
retrieved from all 5 DEMs of the available time series (Figure 2, Section 2.2, and overall it can be regarded as a
reliable representation of the morphological variations that can occur within a debris‐flow fan as a consequence of
different geomorphic processes (e.g., debris‐flow‐related erosion and deposition, debris plug formation, and
rockfall‐ or snow avalanches‐related deposit). For each synthetic DEM, we then repeat the procedure of extracting
the routing pathway, through the D8 flow algorithm. In this way, we want to see if perturbating the initial DEM is
possible to reproduce the debris‐flow pathways and corresponding variations (i.e., avulsions) that occurred later
in the investigated time window of debris‐flow fan evolution. A positive outcome from this analysis would sustain
the predictive ability of our framework, and its possible applicability also with only 1 DEM. Perturbating the 2006
DEM led us to collect an ensemble of synthetic DEMs and hence, an ensemble of possible pathways. The latter
can be collected and treated in a probabilistic way. An ensemble of 2000 MC realizations of 2006‐perturbated
terrains is simulated. The higher volume of MC simulations concerning the previous ones is due to the less
input information, which requires more simulations to ensure the numerical stability of results (see the Section 2).

The following Figure 9 illustrates the spatial match with the digital pathways that can be retrieved by the DEMs
available for 2011, 2015, and 2021 flows, and extracted upon an area‐based threshold of 800 m2, that is, pixels
(panels a–d). These are superimposed to probable synthetic pathways, extracted with the same threshold, offered
upon three minimum occurrence probability thresholds: 0.2 (in yellow), 0.3 (in orange), and 0.5 (in red). The
overall appraisal of the spatial patterns of our predictive synthetic simulation allows us to assess the ability to
match a good number of historically occurred pathways. Figure S6 in Supporting Information S1 (panels a and b)
depicts the matching likelihood between historical and predicted pathways for each available DEM and upon the
three probability thresholds. As it can be appraised, more probable pathways have higher chances of being
predicted by perturbating an antecedent DEM. The matching likelihood is stable when predicting pathways across
the whole investigated temporal window, due to the poor variability from 2011 to 2021.

3.5. Predicting Future Pathways: The Case of the 2011 Avulsion

We detail this worthy kind of results by offering to the reader the following Figure 10. In panel, a, the pathways
obtained from perturbating the 2006 DEM are highlighted in orange and red color if exceeding a minimum
occurrence probability of 0.3 and 0.5, respectively. We overlap with these the spatial reconstruction of the his-
torical avulsions that occurred in 2011, whose tracks are highlighted in light blue, while the previous channel
(before any avulsion) had a track that has been highlighted in green. We can see 3 main avulsions, been carved

Figure 9. Predicting digital pathways (from the 2010, 2011, 2015, and 2021 Digital Elevation Models) by perturbating the 2006 one. Predicted pathways are offered in
colors upon a minimum occurrence probability across the MC ensemble of simulated ones, while the observed digital ones overlap in blue.

Journal of Geophysical Research: Earth Surface 10.1029/2024JF007946

SCHIAVO ET AL. 13 of 19

 21699011, 2024, 12, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JF007946 by M

artino B
ernard - U

niversity O
f Padova C

enter D
i , W

iley O
nline L

ibrary on [06/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



within the fan as flow's preferential channels of propagation downslope. In the enlargements (panels b–d), we
analyze each of these pathways and estimate the matching likelihood with the pathways obtained from the
ensemble we mentioned before. We calculated the likelihood of predicting the same pathway of these avulsions
upon using the 2006 DEM of 55%–64% and 23%–25% considering synthetic pathways with minimum proba-
bilities of 0.5 and 0.3, respectively. It is worth underlying that the upstream part of the avulsions' tracks resembled
better than the downstream parts, and this is reasonable because the more downslope within the catchment, the
higher the spatial meandering of the avulsion channel, and this increases the difficulty of its exact spatial pre-
diction. In the end, we remark that we obtained similar results for all the historical avulsion pathways shown in
Figure 2, although we only offer the last one for exemplary purposes.

4. Discussion
In our research, we rely on topographic data and employ them from a statistical perspective for gridding a set of
concurrent DEMs of an alpine debris‐flow fan, from which a consistent volume of synthetic digital surfaces and
related drainage patterns are extracted. The aim is to test the effectiveness of a simplified and topographic‐based
digital strategy for the automatic delineation of probable debris‐flow pathways and hence possible avulsions,
within a stochastic perspective. In detail, starting from the available DEMs, three different simulation scenarios
were defined by using an increasing number of topographic information, and several Sequential Gaussian
Simulations were performed based on the morphological variation observed within the study area in a limited time
window of 15 years.

The inherent characteristics of available time series do not allow the statistical testing of the suitability of the
employed analytical model; it is worth noting that this assumption is widely used in stochastic simulations of
geomaterials (Deutsch & Journel, 1998), contamination pathways (Zehe et al., 2021), diffuse contamination
(Schiavo, Giambastiani, et al., 2024), or natural background levels (see e.g. Guadagnini et al., 2020), or elevation
measurements (Schiavo et al., 2022). The probabilistic outcomes presented in Section 3.1 highlight that the
extracted synthetic networks are in good agreement with the most recent historical debris‐flow pathways observed

Figure 10. Spatial prediction of the avulsions (a) occurred after the 2011 flow, obtained by perturbating the 2006 Digital Elevation Model. While the previous channel is
offered in green, new avulsion pathways are offered in light blue. Insets b‐d enable a detailed appraisal and quantification of the matching likelihood between historical
avulsion and synthetic pathways, thresholded upon a minimum occurrence probability of 0.3 (in orange) and 0.5 (in red).
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within the investigated spatial domain (Figures 6 and 7). Moreover, the stochastically generated probable debris‐
flow routes show weak spatial variations at a small scale of inspection, with only local changes in the possible
flow directions, as shown in Figures 4 and 5, and in Figure 5S. This means that the stochastically defined locations
that are more likely to reside on a debris‐flow routing path are similar to existing channels. This lets us understand
that even in case of significant elevation changes within the considered spatial domain (i.e., within a 95% con-
fidence interval), the flows will likely follow some preferential pathways, which are mostly located along the
observed historical channels. Conversely, other areas of the considered debris‐flow fan are susceptible to channel
avulsions with lower occurrence probabilities (i.e., only a limited number of simulations show flow occurrence).
Thus, only major erosion and deposition phenomena can alter the existing terrain morphology in a way to produce
a significantly different pathway, in general agreement with the observed physical phenomenon (i.e., debris plug
formation and subsequent shifting of the shifting of an active channel throughout the fan surface). This behavior
can also be explained from an energetic viewpoint, since the most favorable condition for debris flows is to
maximize the local potential energy drop (see e.g. Howard, 1990; Orlandini & Moretti, 2009; Schiavo et al., 2022)
follows an existing steepest descent pathway, according to the gravity‐driven routing we employed (i.e., the D8
algorithm). Local elevation (i.e., energetic) variations may not have the magnitude to perturbate the active
pathway as much as the energy required to provoke a significant avulsion, and thus an active channel shifting.
Anyway, despite its simplicity, our framework is proved to be able to identify both the most probable pathways
and the possible avulsions (see Figures 7 and 8, and Figure S4 in Supporting Information S1).

In Sections 3.1 and 3.1.1, we strengthen the concept that pathways mostly recur in the same areas and avulsions
occur with lower chances by inspecting probabilities of having a synthetic pathway along a historical route (the
2011 one). As shown in Figure S4 in Supporting Information S1, the cumulative probability of occurrence of
synthetic pathways is not so different among the tested simulation Scenarios, since the three CDFs mostly behave
similarly along the considered flow route. This means that the field of occurrence probabilities along that pathway
is quite stable to possible variations due to the use of different topographic input data to simulate MC terrains. The
2011 pathway has been taken as an exemplary case study, and similar results can be obtained for other ones as well.

In Section 3.3 we further analyzed the spatial overlapping between the historical pathways (8 main flow routes
detected from 1954 to 2021, and manually digitalized by our group in previous years) and our probabilistic
outcomes, for each of the three tested Simulation Scenarios. In detail, we compare the (certain) occurrence of
flows along historical pathways, where we are sure that flows occurred in the past, with the probability of having
synthetic pathways on the same routes. In Figure 8, we aimed to assess how pathways referring to the 1954 and
1962 flows retain the highest difference with the simulated networks, that is, with the occurrence probability we
can retrieve from our probable ones. This is clear when inspecting probabilities obtained by using the latest
surveys in simulating terrain (i.e., the 2015 and 2021 ones), and thus extracting flow pathways. The resulting
pathways are quite unlikely to match the oldest ones (e.g., the 1954 one, with an average Pr = 0.3). Conversely,
more recent flows (e.g., the 1991 or 2006 one) reside on pathways that are more likely to match those that can be
inferred by employing the latest DEMs, with the matching likelihood that they can reach Pr= 0.7 and Pr= 0.6 for
Scenarios 1 or 2 and 3, respectively. This result is highly informative about the spatial discrepancy in pathways
between historical and recent flows, as well as being informative about the use that one can make of available
information and surveys.

In Section 3.4, we tried to understand if our framework can also be employed in a predictive manner. In detail, we
randomly perturbed the first DEM (2006) of the available topographic time series (i.e. 2006 one, with elevation
perturbations of±4.0 m) with an MC procedure and see if it is possible to match the pathways that can be digitally
extracted by subsequent DEMs (i.e., 2010, 2011, 2015, and 2021). The results in Figure 9 are encouraging: high
probability occurrence thresholds (e.g., thr= 0.5) enable us to identify only the most probable avulsion pathways.
In the best cases, 55%–64% of these overlap the flow lines extracted from the 2010 to 2021 DEMs. Conversely,
lower occurrence probability thresholds (e.g., 0.2) return lower matching likelihoods (about 7%). Thus, the
drainage area‐based and the probabilistic thresholds employed in extracting networks play a critical role in this
sense and in the prediction of pathways upon antecedent DEMs.

In Section 3.5, we offer a supplementary insight related to the predictive ability of our methodology by inspecting
(see Figure 10) how good the match between historical avulsions that occurred since 2011 flow and those
retrieved from the most probable pathways obtained before. The results are encouraging since up to 64% of pixels
belong to a pathway with a minimum occurrence probability of 0.5 overlap flow lines belonging to the 2011 route.
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All kinds of results offered in Sections 3.3, 3.4, and 3.5 should be carefully considered. Although we underline
how the probability of predicting possible future avulsions depends (a) on the number of DEM employed, (b) on
the quality of data that enabled these survey‐based products, (c) and on the drainage area and (d) probability
thresholds employed for delineating pathways within the MC framework (the latter two are arbitrary). Never-
theless, these results are important concerning the task of future avulsion prediction. As said before, the main flow
pathways remain stable in space (i.e., throughout the study area) across the whole‐time window, so the low
matching likelihood is mostly due to the inaccuracy in capturing secondary avulsion branches, with the main
channels well predicted also by employing only the 2006 terrain survey.

Furthermore, here we acknowledge how this result stems from the energetic nature of the debris‐flow phe-
nomenon, which, even in an unconfined environment featured by high‐slope conditions, implies quasi‐uni‐
unidimensional flows that rarely diverge from the main flow directions. This finding represents an important
research outcome since, despite its inherent simplicity in reproducing the complex phenomenon of flow avulsion
in an unconfined environment, our methodology can be a suitable tool for digital elevation data users involved in
debris‐flow risk modeling and mitigation tasks. In this sense, our results are consistent with what we discussed,
since the most probable pathways follow historical routes, and sometimes (i.e., for a limited number of MC
realizations) they diverge from usual pathways, and avulsions from the main channels occur.

After discussing Sections 3.3, 3.4, and 3.5, we want to highlight that this kind of result should be adapted, for other
case studies or catchments to be investigated, to available data, and the local density of the network. This means
that the probability thresholds we employed, as well as the area‐based thresholds we employed for extracting the
debris‐flow networks, can be decided by the user. These parameters are sensitive to the local case study and may
depend on the researcher's experience in another study area. For our case study, we chose these parameters relying
on available data and our experience in the field and surveying to give an idea of the kind of results one can come
up with. Moreover, the choice of proper area‐based and probability thresholds also depends on the morphology of
the catchment. For example, highly incised catchments, with main channels carved in rocky fans are very less
susceptible to historical elevation variations, hence the MC outcomes won't give highly variable terrains, at least
in these areas, thus the suitable area and probability threshold values can be high. Our methodology surrogates
erosion and deposition phenomena, and in particular their localized effects on the terrain topography, by simu-
lating local random elevation variations, that is, simulating possible erosion (if the variation is negative) or de-
posits (if the variation is positive) within a feasible confidence data‐grounded interval. Moreover, debris fans are
highly prone to temporal elevation (hence, morphological) variations that should be treated both in the proba-
bilistic and prediction perspectives with lower thresholds. In all these cases, probable debris flow pathways are
located within debris fans, where the fan is covered by shrubs, or where the local concave terrain suggests the
presence of paleochannels that can be flooded by future flows.

Several research questions stem from the perspective we described, even in different application fields of hy-
drological sciences. Nowadays, researchers are trying to quantify and identify the migrations of the drainage
divides upon high‐resolution topographic data, like those we employed (see e.g. Zhou et al., 2024), and the spatial
patterns of dynamic migration of channels in highly‐varying terrains (see e.g. Abdollahi et al., 2024; Boulton
et al., 2024; Yaaqoub & Essaifi, 2023). Therefore, the application of novel stochastic concepts and approaches
within the debris‐flow “world,” which usually relies on field surveys for pre‐event and post‐event flow assess-
ment or landscape vulnerability (see e.g. Barnhart et al., 2021), may lead us to propose a novel work to be framed
within the most recent research concepts and vectors in the field. Relying on these literature references, in the
future, we could consider a landscape evolution model to envelop different DEM information and to predict future
terrain surfaces and hence pathways. In the present context, a representative spectrum of possible topographic
configurations (Bonetti et al., 2020) can reproduce a wide variety of channel shifting and avulsions (e.g., De Haas,
Densmore, et al., 2018), triggered by a sequence of flows or by intense erosion or deposition phenomena. We
believe that borrowing this novel perspective allows us to shed light on a catchment vulnerability to debris flows
and quantitatively identify the morphological complexities of the terrain (Forte et al., 2016).

Overall, based on the presented results, the volume and the quality of available topographic data are important for
the present framework, but not essential. The proposed methodology can also be replicated in the case of a few
pieces of information, or even in the extreme condition of having a single DEM available for a study debris‐flow
prone area, as we shown in Section 3.4 and 3.5. In other words, if only one DEM is available, a stochastic and
evidence‐based random perturbation of the available topographic surface would be a suitable option for generating
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several Monte Carlo synthetic DEMs, and for employing the proposed approach. Of course, this might not be
strictly adherent to the physical reality that can be observed in a debris‐flow area, where the highest elevation
differences due to erosion and deposition processes are usually located at the fan apex (see e.g. Simoni et al., 2020;
Tiranti et al., 2018).

5. Conclusions
We set up a framework for delineating debris‐flow pathways on fans, where avulsions from the active channel can
occur, from a probabilistic perspective. We leveraged several surveys to extrapolate local elevation data for
simulating stochastic synthetic Monte Carlo terrains starting from available DEMs. We then employed commonly
used routing algorithms for each synthetic terrain simulation to extract channel networks and to treat them from a
probabilistic viewpoint. These channel networks are possible flow pathways routed by debris flows after the
occurrence of avulsions. The major results of the work can be summarized as follows:

• We analyzed a fan of the Dolomites where avulsions from the active channel frequently occur, and of which,
five LiDAR‐based DEMs are available (2006, 2010, 2011, 2015, and 2021). We identified all the avulsions
and the corresponding debris‐flow pathways that occurred in the period 1954–2021 through the observation of
orthophotos. The observed debris‐flow pathways exhibited significant variations, so all the fan surfaces have
been interested in past debris‐flow propagation.

• We set up our analysis from three different combinations of the available DEMs, that is, using 2,3 or 5 DEMs
as input data to generate a collection of Monte Carlo synthetic terrains. From each one of these terrains, we
retrieve a flow network. Using all the flow networks as an ensemble, we can map the probability that a
pathway after an avulsion may occur within the catchment.

• We assessed whether our results were feasible by quantifying the matching likelihood between historical and
preferential synthetic pathways. This allows us to assess the feasibility of our method for detecting which
pathways may be followed by the flow after an avulsion. We found median matching likelihoods between
synthetic and historical pathways within a range of 45%–75%, with slight differences among scenarios 1, 2,
and 3.

• We employed our framework in a predictive way. We demonstrated that the employment of the 2006 DEM,
that is, just 1 of the 5 DEMs we have, enabled us to capture major pathways carved on DEMs between 2011
and 2021 (Figure 9). We found matching likelihoods between 55% and 64% for pathways with a minimum

occurrence probability of 0.5, which enables to identify preferential
alternative pathways.

• We employed the same methodology to capture the avulsion pathway of
the debris flow that occurred in 2011 (Figure 10). In this case, we found a
64% match when using a probability threshold of 0.5.

In the end, we employed a stochastic approach, borrowing some concepts from
other disciplines, for achieving probabilistic maps of debris‐flow pathways to
capture the routes followed by debris flows after the avulsions from the active
channel. Our framework allows the capture of the historical main avulsion
pathways that occurred within the study area and can be used for the prediction
of future possible avulsions. This is a very important outcome so that the
proposed framework can be employed in the risk‐assessment study of fans
routed by debris flows and in the planning of control works. Further research
vectors should explore other approaches, for example, via spatiotemporal
variogram‐based modeling of elevation perturbations to be assigned to one or
more available DEMs, when creating the synthetic ensemble of terrains.

Appendix A: Airborne Laser Scanning
The vertical accuracy data reported in Table 1 were computed by comparing
the DEM elevation data against 566 RTK‐based GNSS point measurements
acquired on well‐distributed stable areas (e.g., big boulders, roadways, hy-
draulic defense works, not debris‐flows affected areas, etc.) by the research
group in December 2015 in a nearby study area (see Figure A1). Considering

Figure A1. The area where Ground Control Points were taken in 2015 (red
dots) and all debris pathways in the Cortina d’Ampezzo area (in light blue).
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the significant spatial variability of the vertical error in DEMs, metrics such as the median error value (median, in
Table 1) and normalized mean absolute difference (NMAD, in Table 1) must be considered as a rough estimate of
the actual vertical accuracy of employed DEMs within the study area. Furthermore, no reliable information about
horizontal accuracy can be provided, because of the inherent complexity in estimating the horizontal errors of
DEMs. Overall, a rough estimate can be computed as a factor of the flight height (typically from 1/800 to 1/1000,
depending on the employed sensor). However, even these rough estimates of the horizontal error cannot be
provided due to the unavailability of full‐detailed survey specifications and official reports (apart from the 2015
survey). Similarly, no detailed information about raw data collection and processing can be provided.

DEM vertical error statistics were computed after Höhle and Höhle (2009). Please note that the vertical accuracy
of data was obtained by comparing the DEM elevation data against 566 RTK‐based GNSS point measurements
acquired on well‐distributed stable areas (e.g., big boulders, roadways, hydraulic defense works, not debris‐flows
affected areas, etc.) by the research group in December 2015 in a nearby study area. We can employ some metrics
to consider the spatial variability of the vertical error in DEMs as a rough estimate of the actual vertical accuracy
of employed DEMs within the study area. Furthermore, no reliable information about horizontal accuracy can be
provided, because of the inherent complexity in estimating the horizontal errors of DEMs and the unavailability of
full‐detailed survey specifications and official reports.

Data Availability Statement
The data on which this article is based are available in Schiavo, Gregoretti, et al. (2024). Both data and the
MATLAB code to perform our simulations are open‐access and freely available.
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