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Abstract In the Dolomites, steep rocky cliffs are marked by numerous narrow gullies. When high‐intensity
short‐duration precipitation occurs, these gullies concentrate and direct surface runoff to the screes at the foot of
rock cliffs. Surface runoff mixes with loose sediments, creating a solid‐liquid surge that, as it moves downhill,
increases its volume entraining debris material and transforms into a granular debris flow. Given the ongoing
challenge of modeling the relationship between intense rainfall, surface runoff, and debris flow initiation, we
take advantage of data from three monitoring stations operating in distinct debris flow active catchments in our
study area to make progress. These stations, strategically positioned close to debris flows initiation zones, record
videos and different types of flow‐stage data, helping us pinpoint the timing and form of incoming discharge
hydrographs. Over a 15‐year period of observation, we collected a comprehensive data set on runoff and mass
movement in these catchments, offering valuable insights into their hydrological behavior and the initiation of
granular debris flows. To compute infiltration excess runoff generation, we refined an already existing
hydrological model and calibrated it using discharge measured at one of the monitoring stations. Testing this
updated model against observations from two other larger debris flow sites showed that it can reproduce the
initial phases of a debris flow, when sediment concentration rapidly rises. These findings suggest that a well‐
tuned hydrological model can predict the discharge from intense, short rainfall events that typically trigger
debris flows, as well as the early stages of these phenomena.

Plain Language Summary In the Dolomites (Eastern Italian Alps), during summer thunderstorms,
narrow gullies on steep rocky cliffs channel water to loose sediments at the foot of the cliffs. Water mixed with
loose debris creates a powerful solid‐liquid surge that, moving downhill, turns into a debris flow. Predicting
debris flows is challenging due to the complex relationship between heavy rain, water discharge, and sediment
movement. However, it is crucial because many human infrastructures are built on debris flow fans. To
understand the triggering of debris flows, we used data from three monitoring stations installed in areas where
debris flows often start. These stations include various instruments that record videos and different types of
water flow data. The significant amount of data recorded over 15 years concerning surface discharge and the
initiation of debris flows enabled us to test, refine and calibrate an existing model designed to simulate these
processes. Testing this model with data from two other sites showed it could predict the early stages of a debris
flow, reproducing the shape and timing when the flow increases quickly. This suggests that a well‐calibrated
model can forecast both water runoff from intense short rains and the initial phases of debris flows.

1. Introduction
Debris flows are mixtures of water and sediments that rapidly flow downstream along steep slopes. They are
highly dangerous due to their destructive power and their sudden nature. The prediction of such phenomena is
challenging and holds significant importance in limiting damages and protecting individuals in threatened areas
(Jakob & Hungr, 2005). This aspect increasingly engages with social challenges, given that many villages, tourist
resorts, and infrastructures are constructed on or intersect with debris flow fans or channels. The current trend of
expanding human activities, especially in remote alpine environments, increases society's vulnerability to these
processes, necessitating protective measures to ensure population safety while fostering economic and tourist
activities (Fuchs et al., 2007; Musumeci et al., 2021; Thiene et al., 2017). Over recent decades, there has been a
notable increase in the frequency of debris flows in the alpine environment, attributed to climate change (Stoffel
et al., 2014). Climate change leads to an increase in the frequency and intensity of extreme precipitation events,
creating the hydrological conditions necessary for triggering debris flows (Bollschweiler & Stoffel, 2010; Floris
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et al., 2010). Climate change is also increasing rockfall activity, producing large quantities of sediment required
for the development of solid‐liquid flows (Damm & Felderer, 2013; Draebing & Krautblatter, 2019; Rengers
et al., 2020).

Given the increasing socio‐economic impact and frequency of these events, understanding processes involved in
debris flow initiation, flow behavior and runout is crucial. Debris flows could be triggered by the erosion of the
channel bed through grain‐by‐grain bulking or the firehose effect (Berti et al., 1999) caused by runoff. This
initiation mechanism is the most common in the Dolomites (Eastern Italian Alps), as it occurs in different
geological contexts (Coe et al., 2008; Hürlimann et al., 2014; Imaizumi et al., 2006; Kean et al., 2012; Okano
et al., 2012). These debris flows are mostly granular because the eroded material mainly consists of boulders,
gravel, and sand (Bernard, Boreggio, et al., 2019). Abundant runoff, generated in small and steep headwater
catchments after extreme rainfall events, can mobilize channel‐bed sediments (Berti & Simoni, 2005; Cannon
et al., 2008; Coe & Godt, 2003; Tiranti & Deangeli, 2015). The runoff discharge is thus the principal factor
controlling debris flow initiation and magnitude. Sediment and debris supply constitute the other essential
requirement and may also limit the overall magnitude of the event (Brayshaw & Hassan, 2009; Theule
et al., 2012), although changes in hydroclimatic conditions within the same watershed can modify its dynamics
(de Haas et al., 2024).

Most commonly, debris flows in the Dolomites form in response to high‐intensity, short‐lasting precipitation
events (Underwood et al., 2016). Experimental field data have demonstrated that this response is extremely rapid,
often occurring within a few tens of minutes (Berti et al., 1999; Kean et al., 2012). Experimental data for small
rocky headwater catchments is scarce, typically gathered from channels located downstream of unweathered
bedrock (Bouvier et al., 2015; Kean et al., 2012; Moody et al., 2008; Wei et al., 2017), or within forested hillslope
areas (Sheridan et al., 2007). The availability of such data sets is crucial for developing appropriate hydrological
models. Reliable runoff modeling is of great interest in debris flow risk assessment and mitigation (Hürlimann
et al., 2006). Coupled with knowledge of channel morphology and channel bed material properties, it helps in the
identification of debris flow initiation areas (Tao & Barros, 2014) and allows for a reliable determination of solid‐
liquid hydrographs (Lanzoni et al., 2017; Takahashi, 2014), which can be routed downstream by means of nu-
merical models (Barbini et al., 2024; Han et al., 2017; Pudasaini & Mergili, 2019; Rickenmann et al., 2006).

In this paper, we take advantage of experimental field data recorded in three different watersheds of the Dolomites
to update, calibrate, and test a hydrological model specifically proposed for small, steep headwater catchments
(Gregoretti et al., 2016), with the aim to address the following research questions:

• Can a calibrated hydrological model predict debris flow occurrences?
• If so, can the simulated hydrographs replicate the initial stages of debris flows?

Therefore, the goals to be achieved include providing reliable input hydrographs for the debris flow triggering and
propagation modeling chain, and forecasting debris flow events based on rainfall inputs for early warning pur-
poses. It is important to acknowledge that this work does not explicitly address the triggering mechanisms of
debris flows, which involve sediment erosion and incorporation within the liquid discharge. Nevertheless,
achieving these goals would be highly significant and directly relevant to hazard management, as well as in
mitigating the socioeconomic impact of debris flows on inhabited areas and transportation infrastructure.

2. Materials and Methods
2.1. Study Area

The three monitored catchments are located on the left side of the Upper Boite Valley in 15 km distance from each
other (map inset in Figure 1). The left side of the Boite Valley is characterized by steep rocky cliffs overhanging
scree with a thick surface layer of colluvial material composed mainly of gravel (50%–75%) and sand (22%–50%),
with a low percentage of clay and silt (up to 4%) according to grain size analysis carried out on samples from
debris flow initiation and deposition areas (Berti et al., 1999; Gregoretti et al., 2018; Simoni et al., 2020). The
rocky cliffs are incised by several gullies that typically progress as debris flow channels on the scree at their base.
Runoff descending along the cliffs concentrates in these gullies and causes erosion of downstream screes, forming
a channel head. The continuous action of runoff and mass movements‐related phenomena, mainly runoff‐
generated debris flows, has led to the formation of debris flow channels, with several of them posing a threat
to the national road SS 51 that runs along the valley bottom.
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The rocky massifs in this area are mainly calcareous‐dolomitic and belong to the limestones of the “Calcari Grigi”
overlaid by the thick dolomitic succession of the “Dolomia Principale” Formation. Due to their chemical
composition, these rocky cliffs are characterized by a high degree of fracturing and are susceptible to both strong
weathering (Marchi et al., 2008) and large failures (Bernard, Berti, et al., 2019; Gregoretti et al., 2018). More
details about the geological setting can be found in Gatter et al. (2018). The geomorphological characteristics of
the catchments are summarized in Table 1 and have been computed using high‐resolution digital elevation models

(DEMs, 1 m grid size) derived from Light Detection and Ranging (LiDAR)
surveys conducted on different dates. The use of high‐resolution digital
topographic data sets is crucial for improving the definition of a catchment
compared to using conventional contour lines on maps. In contrast to the
findings of Boreggio et al. (2022) regarding the hydraulic propagation of
debris flows, Degetto et al. (2015) highlighted the importance of accurately
describing the initial surface topography prior to hydrological simulations.
Focusing on the Dimai and Rovina di Cancia catchments (Sections 2.1.1
and 2.1.3), they demonstrated how contour‐based DEMs can inaccurately
determine watershed divides and smooth real surfaces, creating artificial
and incorrect flow paths that could significantly influence hydrological
simulations.

2.1.1. Dimai Catchment

TheDimaiwatershed (Cortina d’Ampezzo, Figure 1) has an area of 0.032 km2,
a mean elevation of 2,043 m a.s.l., and an average slope of 72.3°. It is drained
by a rocky gully incised on the Dimai Peak. The gully is usually dry and the
channel bed is characterized by high vertical steps (about 5–10 m), with the
presence of several boulders. Its mean slope is 67.2°. The gully ends on a scree
that is not deeply incised because of the presence of giant rocks that retain
sediments and prevent large excavations. Downstreamof it, there is the head of
a debris flow channel, on whose left bank the monitoring station is located.

2.1.2. Rio Gere Catchment

The catchment of Rio Gere (Figure 2) is located in the municipality of Cortina
d’Ampezzo and serves as a tributary of the Bigontina torrent. Bounded by the

Figure 1. Aerial and frontal views of the Dimai headwater catchment (outlined in red) with measurement facilities. The black
line divides the areas of influence of the Dimai monitoring station and the Pomagagnon Fork rain gauge. Inserts show: the
sharp‐crested weir facility (top left), Pomagagnon Fork rain gauge (top right), and Dimai monitoring station (bottom right).
In the bottom left inset, red, yellow, and blue circles mark the Dimai, Rio Gere, and Rovina di Cancia watersheds,
respectively.

Table 1
Morphological Characteristics of the Dimai, Rio Gere and Rovina di Cancia
Catchments, Extracted From 1 m Resolution DEMs Obtained From LiDAR
Surveys Carried Out in 2011 (Dimai), 2015 (Rovina di Cancia), and 2017
(Rio Gere)

Dimai Rio Gere Rovina di Cancia

Latitude (°) 46.5721 46.5618 46.4422

Longitude (°) 12.1334 12.1931 12.2453

Area (km2) 0.032 0.928 0.654

Min elevation (m a.s.l.) 1,716 1,932 1,662

Mean elevation (m a.s.l.) 2,043 2,500 2,213

Max elevation (m a.s.l.) 2,306 3,220 3,067

Mean slope (°) 72.3 50.6 54.2

Max slope (°) 88.3 89.3 87.8

Channel mean slope (°) 67.2 34.3 36.5

Lidar survey

Year 2011 2017 2015

Point density (pts/m2) 3.0 3.8 4.3

Land cover

Bare rock 95% 70% 50%

Scree and active erosion – 23% 28%

Moors and heathland 5% 7% 22%
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southern slopes of the Cristallo massif, it extends downstream, crossing the regional road SR 48 at 1,675 m a.s.l.,
just upstream of the confluence with the creek Bigontina. This debris flow catchment has recently been very
active (Bernard & Gregoretti, 2021), with the most catastrophic event occurring on 4 August 2017, resulting in
one fatality (Baggio et al., 2021). At the base of a gully incised on the cliffs of Cristallo peak, a debris flow
channel incises the scree beneath the cliffs. The scree shows a transverse slope from right to left and it is subject to
several shallow failures, contributing to the supply of debris material to the right side of the channel. The channel
leads to a narrow opening between two rocky cliffs, and downstream of this slit, runs between a rocky cliff on the
right and a scree on the left. Just below the slit, two tributaries join the channel: one is a channel incised on the
scree, and the other is a gully incised on a rocky cliff. At an elevation of about 1,890 m a.s.l., the debris flow
channel exits onto a fan that terminates at the valley bottom. Positioned just upstream of the fan exit is a
monitoring station. Additionally, downstream of the narrow opening, there is flowing water within the channel.
The hydrological catchment shown in Figure 2, enclosed at the monitoring station, has an area of 0.928 km2, and
an average slope of 50.6°.

2.1.3. Rovina di Cancia Catchment

The catchment of Rovina di Cancia (Figure 3) is located in the municipality of Borca di Cadore, on the left side of
the Upper Boite river valley, and is delimited by the western slope of Mount Antelao. It originates at Salvella Fork
(2,451 m a.s.l.) and develops downstream, joining with the Bus del Diau tributary on the left at 1,320 m a.s.l. and
reaching Borca di Cadore, situated at 940 m a.s.l. Finally, it joins the Boite river at 880 m a.s.l. In the past, this
catchment has experienced several debris flows, as documented in the literature (Bacchini & Zannoni, 2003;
Simoni et al., 2020). At the base of Salvella Fork, there is a scree incised by a channel. In the upper part of the
channel, several large rocks (up to 4–5 m in diameter) are present, which prevent the accumulation of sufficient
debris deposits for the formation of debris flows. However, upstream of a giant rock located at 1,666 m a.s.l. in
front of the monitoring station (lower left inset in Figure 3), significant quantities of sediment can accumulate,
leading to the formation of consistent deposits. Depending on the condition of these deposits, debris flows can
initiate either upstream or downstream of the giant rock. After significant debris flow events, the deposit empties,
as was the case in 2015, and debris flows form downstream of the giant rock (Simoni et al., 2020). At this point, on
the left bank of the channel, a monitoring station is located. The watershed enclosed at the monitoring station has
an area of 0.654 km2, and an average slope of 54.2°.

2.2. Monitoring Stations

Each monitoring station is equipped with various sensors. Each of them includes a rain gauge and multiple video
cameras, all controlled by a programmable data logger. The stations are powered by batteries that are recharged by

Figure 2. Aerial and frontal views of the Rio Gere watershed. Inserts display the monitoring station and a detail of the channel
slit upstream of the monitored section. The green marker indicates the monitoring station location, and the red marker
denotes stand‐alone rain gauges.
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solar panels, and data are recorded at 5‐min intervals in normal mode. When the cumulative rainfall exceeds the
threshold of 0.6 mm in 2.5 min, the data acquisition mode switches to alarm mode, and the video cameras are
activated. In alarmmode, recording lasts for 1.5 or 2 hr, and the acquisition interval shifts to 1 or 5 s, depending on
the hardware characteristics of the station. If the rainfall intensity remains above the threshold at the end of the
recording period, the alarm mode continues for another 1.5 or 2 hr. The threshold is set based on field experience
and not on previous works (such as Zimmermann et al. (1997)) because it should be low enough to not miss the
recording of events but not too low to avoid filling the memory of the data logger. The monitoring stations allow
for the observation of runoff at the outlet of a rocky gully and on the scree below it, in close proximity to the origin
of the debris flow channel (Dimai). In addition, they provide data on both runoff and the initial phases of debris
flow formation and routing at two sites well downstream from the head of a debris flow channel (Rio Gere and
Rovina di Cancia). The monitoring stations operate from May or June until October, depending on the timing of
snowpack melting and formation, respectively.

2.2.1. Dimai Station

In early July 2010, a monitoring station was installed at the base of Dimai Peak (green square in Figure 1). It was
equipped with a rain gauge, three pressure transducers buried into the scree downstream the rocky gully
descending from Dimai Peak (yellow circles in Figure 1), and two video cameras pointing to the gully outlet and
to scree. The two cameras record images on an internal disk at a frequency of 125 Hz. Furthermore, at the outlet of
the rocky gully, a small watershed ending with a sharp‐crested weir was installed and equipped with a pressure
transducer in August 2011 (blue triangle in Figure 1), permitting the measurement of the surface discharge
descending along the gully. A time‐lapse camera (Brinno TLC200) monitors the catchment and records the
images on an SD card, capturing a frame every 30 s. To complete the spatial distribution of the precipitations
fallen in the catchment, a stand‐alone tipping bucket rain gauge has been placed upstream the watershed, on the
Pomagagnon Fork (2,180 m a.s.l) (red marker in Figure 1). In this way, it is possible to subdivide the catchment
area by using Thiessen polygons in two sub‐areas of influence, each of those referring to a different rain gauge.
For more details about both the monitoring station and the evaluation of discharges, refer to Bernard (2018). At
the end of 2017, the Dimai monitoring station was dismissed because a huge rockfall completely destroyed the
sharp‐crested weir facility.

Between 2010 and 2017, approximately 220 summer precipitation events triggered the alarm mode (data up to
2016 were already analyzed in Berti et al. (2020)). As previously observed by Prenner et al. (2019) in another
context but applicable to our monitored area, rainfall events generally exhibit two different patterns: pre-
cipitations with low and steady intensity values (long‐lasting rainfalls, LLRs), or highly variable rainfalls with the
presence of short, high‐intensity episodes (short‐duration storms, SDSs). The definition of an SDS or burst is not

Figure 3. Aerial and frontal views of the Rovina di Cancia catchment. Inserts show the monitoring station and the setup of
laser and radar distance meters over the channel. The green marker indicates the monitoring station, while the red marker
denotes the stand‐alone rain gauge.
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unambiguous in the literature: Berti and Simoni (2005) considered it as a period of intense rainstorm that exceeds
an average value of 0.5 mm/5 min; Gregoretti and Dalla Fontana (2007) defined a burst of rainfall as starting
when the intensity exceeds 0.8 mm in 5 min and ending when the intensity drops below this value; Coe
et al. (2008) defined it considering gaps between tips in the rain gauge bucket, setting a minimum separation time
of 10 min between two consecutive storms. In this work, to separate and define rainfall events, we followed the
approach used by Coe et al. (2008). Precipitations have been classified based on their capability to generate liquid
or solid‐liquid discharge, aiming to understand how the catchment responds to rain forcing. This classification
was possible through the analysis of both the pressure transducers (located in the stilling basin and those buried in
the downstream scree when the weir was missing, Figure 1) and the recorded videos.

The sharp‐crested weir facility permitted the recording of data from July 2010 to August 2011 and from August
2013 to the end of 2017. In this period, approximately 25 significant surface runoff events were observed, and
discharge was successfully measured in 17 cases. Measurement of other events failed due to field monitoring
issues, such as rockfalls, incorrect positioning of the pressure transducer in the stilling basin, or power shortages
in the central unit. Eight events filled the sharp‐crested weir facility with boulders and/or sediments (Table 2),
rendering the discharge measurements unreliable. Unfortunately, due to the absence of continuous video
recording, we cannot distinguish the type of movement and, consequently, cannot determine up to which point the
discharge measurements may be considered trustworthy.

2.2.2. Rio Gere Station

The Rio Gere monitoring station was installed in mid‐July 2021 on the top of the right bank of the debris flow
channel at an elevation of about 1,940 m a.s.l. (green square in Figure 2). It was set up in a section of the channel
with a relatively stable channel bed, just downstream of a transversal rocky outcrop, about 150 m upstream of the
fan apex. The monitoring system consists of a rain gauge, two CCFC infra‐red cameras (frame rate of 7.5 frames/
second) and a laser distance meter with 50‐Hz sample frequency. The laser distance meter is not hanging over the
channel but it is placed on the bank pointing to the channel bottom with an oblique inclination. The presence, and
eventually the timing, of discharges has been evaluated through video camera images and/or by the laser meter
records. In the area, two stand‐alone rain gauges complete the instrumentation (red markers in Figure 2), one of
them managed by the Environmental Protection Agency of the Veneto Region.

2.2.3. Rovina di Cancia Station

The monitoring station at Rovina di Cancia (green square in Figure 3) was installed in early July 2014 on the top
of the left bank of the debris flow channel in front of a giant rock at 1,666 m a.s.l. (Simoni et al., 2020). It is
composed of a rain gauge, two pressure transducers and two Brinno TLC200 cameras that save the images on a
SD card, capturing a frame every two seconds. One camera was replaced with a CCFC camera infra‐red camera
(frame rate of 7.5 frames/second) in 2019. In 2020, both a laser and a radar distance meters were suspended over
the channel, just above a pressure transducer, with the aim of measuring the stage of debris flow events. The
monitoring installation is completed by two stand‐alone tipping bucket rain gauges located at 2,150 m a.s.l. at the
feet of the rocky cliffs, and, from summer 2016, at 1,760 m a.s.l. (red markers in Figure 3). The presence of these
two rain gauges allows a better observation of the spatial distribution of rainfall across the watershed that could be
larger than that recorded by the rain gauges placed in the bottom of the valley (Bernard & Gregoretti, 2021).

2.3. Hydrological Model

The adopted hydrological model has been explicitly developed for dolomitic headwater catchments by Gregoretti
et al. (2016). Given the precipitation P, the excess rainfall Pe generating the surface runoff is computed through
the CNH method, introduced by Gregoretti et al. (2016). Pe is then routed from each DEM cell (of size Δx)
belonging to hillslopes to the channel network along the steepest path assuming a time‐invariant velocity Us that
depends on the overpassed land cover types. Finally, surface runoff is routed along the channel to the outlet using
the matched diffusivity kinematic‐wave model proposed by Orlandini and Rosso (1996).

In the CNHmethod, Pe is calculated using a simplified Hortonian law when precipitation intensity I is greater than
the infiltration rate fc (assumed constant), as difference between I and fc; otherwise, it is computed through the
Curve Number (CN) method, developed by Soil Conservation Service (1972). CN is a dimensionless parameter
that represents the potential of a terrain to generate surface runoff considering the land cover, soil type, and
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Table 2
Characteristics of Rainfall Events That Occurred in the Dimai Catchment and Are Linked to Runoff (R) or Mass Movement (MT)

Event Time Type AMC P5 (mm) P2 (mm) P (mm) D (min) IMAX (mm/h) tLC (min) CPQ VR (10− 3 m3)

04 July 2011 21:00 MT 1 7.4 5.8 22.6 40 64.8 – – –

18 August 2011 17:55 MT 2 17.8 0.0 16.2 10 98.4 – – –

04 August 2013 19:45 MT 1 3.6 3.6 21.4 75 57.6 – – –

2.2 2.2 27.0 80 57.6 – – –

3.3 3.3 22.8 90 48.6 – – –

07 June 2015 22:15 MT 2 16.0 15.0 13.8 20 69.6 – – –

25 July 2015 18:30 MT 1 12.2 7.0 18.4 30 69.6 – – –

14.2 6.6 17.6 40 57.6 – – –

12.7 6.9 18.2 30 66.6 – – –

29 July 2015 17:00 MT 3 30.2 4.6 16.2 35 52.8 – – –

30.6 5.0 15.6 35 64.8 – – –

30.3 4.7 16.1 35 48.6 – – –

04 August 2015 17:45 R 3 41.6 0.0 15.8 70 50.4 13 0.58 33.4

44.0 0.0 13.4 70 40.8 14 0.59

42.2 0.0 15.2 70 46.2 13 0.62

03 September 2015 22:10 R 1 5.0 4.8 13.8 70 31.2 12 0.56 48.9

5.0 4.8 14.2 70 28.8 17 0.59

5.0 4.8 13.9 70 28.2 15 0.58

13 July 2016 12:40 R 3 41.2 33.4 10.2 55 55.2 11 0.32 26.6

44.0 29.8 9.2 60 50.4 11 0.31

42.2 32.5 10.0 60 50.4 11 0.33

05 August 2016 07:25 R 2 27.2 3.4 22.6 145 36 17 0.71 55.3

26.0 4.2 14.8 155 28.8 17 0.61

26.9 3.6 20.7 155 31.8 17 0.71

09 August 2016 16:45 R 3 38.2 2.4 43.0 285 43.2 170 0.22 238.3

30.4 2.4 39.8 285 43.2 170 0.22

36.3 2.4 42.4 285 43.2 170 0.22

14 August 2016 17:25 MT 3 68.4 1.4 21.0 85 86.4 – – –

65.6 2.8 18.0 80 21.6 – – –

67.7 1.8 18.4 85 68.4 – – –

30 May 2017 11:45 R 1 0.0 0.0 31.4 105 84.0 23 0.74 64.3

20 June 2017 20:20 R 1 3.6 3.4 9.6 55 48.0 23 0.21 5.7

21 June 2017 18:55 R 2 13.0 13.0 8.2 30 50.4 5 0.31 5.8

25 June 2017 04:30 R 2 24.4 3.2 20.0 260 9.6 55 0.41 26.9

33.0 33.0 12.2 250 9.6 55 0.41

26.6 5.5 19.3 260 9.6 62 0.42

28 June 2017 13:50 R 3 36.2 12.6 12.8 115 9.6 28 0.51 18.8

34.0 13.2 11.6 115 12.0 32 0.56

35.7 12.8 12.5 115 10.2 28 0.54

08 July 2017 19:20 R 1 7.6 4.2 13.6 20 117.6 5 0.4 27.4

8.4 5.2 7.2 15 60 6 0.36

7.8 4.5 12.0 20 103.2 5.0 0.39

13 July 2017 21:10 MT 2 16.8 0.4 28.2 255 38.4 – – –
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antecedent moisture conditions (AMCs; dry (I), normal (II), wet (III) conditions). Therefore, for the CNHmethod,
Pe is computed throughout time t as:

Pe(t) =

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0 t≤ tIa

(P(t) − Ia)2

P(t) − Ia + S
t> tIa, I < fc

Pe(t) = Pe(t − Δt) + P(t) − P(t − Δt) − fcΔt t> tIa, I > fc,Pe <PeSCS

(1)

Here, tIa represents the time essential for fulfilling the initial abstraction Ia, that is, the initial rainfall that infiltrates
the soil before runoff begins, usually estimated as a fraction of S (the standard assumption reads Ia = 0.2S).
S = 25.4[(1000/CN) − 10] represents the potential maximum soil moisture retention, I stands for the rainfall
intensity during the time step Δt, and PeSCS indicates the excess rainfall computed by the CN method for the
rainfall event. Δt is constant and computed as Δt = Δx/ max(Us) for respecting the physics of routing. AMC
was determined following the instructions by the Soil Conservation Service (1972). When considering the CN
values for normal AMC (CN(II)), CN values for dry or wet AMC can be assessed by:

CN(AMC) =
aCN(II)

10 + bCN(II)
(2)

where a = 2.08454e0.80709AMC − 0.47225, b = a − 4.2
100 − 0.058, and AMC corresponds to dry (I) or wet (III)

conditions (Chow et al., 1988).

Essentially, the excess rainfall calculated by the SCS equation represents the
contribution of fracture flow, while the excess given by the exceeding of the
infiltration rate represents the contribution of direct runoff. In the presence of
cliffs with inner fractures and hollows (as occurs in the study area or in similar
geological settings), the occurrence of subsurface flow seems unlikely.
Instead, fracture flow concentrates along certain paths within fractures and
flows out through specific holes (Figure 4). Indeed, water flow spilling out of
holes on the cliffs was observed just after the end of rainfall events. To take
fracture flow into account, the model has been refined in terms of the
methodology for evaluating the parameters to be used in the calculation of
effective precipitation, as detailed in the following subsections and Section 3.

As previously mentioned, the model simulates discharge propagation by
delineating flow paths based on the steepest descent direction from each DEM
cell within the catchment toward the outlet. These paths are subsequently
categorized into channel and hillslope flow paths to account for the different
propagation velocities associated with each flow regime. This distinction
enables the model to represent the impulsive nature observed in discharge
hydrographs that trigger debris flows. Hillslope propagation velocity Us is
assumed to be constant and depends on the land cover characteristics. In
contrast, channel discharge is routed using the Muskingum‐Cunge scheme

Table 2
Continued

Event Time Type AMC P5 (mm) P2 (mm) P (mm) D (min) IMAX (mm/h) tLC (min) CPQ VR (10− 3 m3)

13.6 0.6 28.2 245 50.4 – – –

16.0 0.5 28.2 255 41.4 – – –

Note. Events causing runoff prior to 2014 are described in Gregoretti et al. (2016); events up to summer 2016 in Berti et al. (2020). Key terms: AMC denotes antecedent
moisture conditions; P5/2 indicates cumulative rainfall over the past 5/2 days; P denotes the event cumulative rainfall; D represents rainfall duration; IMAX is the peak
rainfall intensity over a five‐minute period; tLC is the lag time determined by cross‐correlation of rainfall and flow discharge timings; CPQ is the cross‐correlation
coefficient; VR is the runoff volume. When data from both the Dimai and Pomagagnon Fork rain gauges were available, rainfall data for Dimai, Pomagagnon Fork, and
their average are reported.

Figure 4. Sketch of an hypothetical cross‐section of a dolomitic wall
depicting possible mechanisms of precipitation return to the channel.
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proposed by Orlandini and Rosso (1996). This scheme ensures that the numerical diffusion matches the hydraulic
diffusivity of the flood wave, leading to an unconditionally stable, grid‐size independent, and physically realistic
solution. For further details about the equations employed for runoff propagation, refer to Section 4 in Gregoretti
et al. (2016).

2.3.1. Setting of CN Parameters

For the modeling of the recorded discharges, defining the appropriate values for the parameters involved—
specifically, CN, Ia, and Antecedent Moisture Condition (AMC)—is crucial. Due to the interaction between
Ia and AMC through CN, we performed a sensitivity analysis on the events recorded in the Dimai catchment for
choosing the best combination of values to be assigned to the two parameters. We fixed a constant value for the
Curve Number CN = 90, generally representative of rocky formations and average of CNs found by Gregoretti
et al. (2016). We varied the parameter Ia within the range of 0.05S and 0.2S, using increments of 0.025S.
Meanwhile, the cumulative prior rainfall, crucial for evaluating AMC, was calculated based on the preceding 1–
5 days before the events. After evaluating the various combinations of Ia and AMC for each event, we assessed
whether the rainfall exceeded Ia and whether recorded surface runoff was generated in response to the precipi-
tation event. Following this, we evaluated the forecast performance for each Ia‐AMC combination using the
Critical Success Index (or Threat Score) (Schaefer, 1990; Staley et al., 2013):

CSI =
TP

TP + FP + FN
(3)

where TP is the number of occurred events positively predicted, FP the number of forecasts without occurred
events, and FN the number of occurred events not predicted (Figure 5).We opted forCSI as an indicator because it
equally weighs FN and FP errors, without considering a large number of TN events, that is, events correctly not
forecasted.

2.3.2. Calibration of the fC Parameter

Calibration of the infiltration rate, denoted as fC, was performed by fixing the other model parameters to the values
established in Gregoretti et al. (2016). The calibration procedure was carried out for the Dimai catchment. These
values are related to the propagation velocities along slopes, withUS set at 0.7 m/s for rocky cliffs and 0.1 m/s for

Figure 5. Analyzing runoff prediction by altering Ia and AMC parameters, where TP denotes events correctly identified as
runoff (true positives) and TN represents events correctly identified as non‐runoff (true negatives). FN denotes rainfall events
mistakenly not identified as runoff (false negatives), while FP stands for non‐runoff events incorrectly identified as runoff
(false positives). The Ia threshold is adjusted based on AMC values, following the relationship given by Equation 2. The
specific case examines the scenario where Ia = 0.1S and AMC is determined using the total rainfall from the preceding
2 days.
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scree slopes. Additionally, they are related to the Muskingum‐Cunge propagation along the rocky channel, where
the Gauckler‐Strickler friction coefficient is denoted as ks and set to 9 m1/3/s, the catchment outlet width is
denoted as B0 and set at 2 m, and the morphological exponent is denoted as b1 and set to 0.26. Therefore, the
Hortonian infiltration rate, denoted as fC, becomes the only variable parameter. The events considered in the
calibration of the fC parameter are those that generated a consistent discharge in the stilling basin, such that they
can be measured by the pressure transducer. Additionally, events that had incomplete recording or generated solid
transport were excluded. These latter events altered the configuration of the facility, making it impossible to
correctly assess the inflow runoff in the stilling basin. For each event, the fC rates were evaluated to best replicate
the recorded runoff peak values based on the performance parameter Πs (Schulz et al., 1999):

ΠS = 200
∑n

i=1|qc,i − qo,i|qo,i
n q2oMax

(4)

where the number of observed discharges is denoted by n, qc,i and qo,i represent the values of computed and
observed discharges, respectively, and qoMax signifies the maximum observed discharge value. This parameter is
commonly employed to assess the efficacy of hydrological models, with ΠS values typically indicating good
performance when falling within the range of 3–10 (Foglia et al., 2009).

Once the fC parameter was calibrated for every event, we aimed to determine if any relationships with certain
variables were present. First, we sought a relation with the AMCs, specifically with the cumulative prior rainfall
calculated based on the number of days resulting from the analysis described in Section 2.3.1. To verify the
relationship, we simulated the events recorded by the Dimai monitoring station when the weir was missing. The
comparison was conducted by evaluating the time difference between the peak of simulated discharges and the
arrival of recorded runoff at the monitoring station. Timings were determined using the pressure transducer in the
stilling basin, those buried in the screes and/or the video cameras installed at the monitoring station. Given the
poor results, especially for the events occurring in wet AMCs, we investigated a different relationship between
infiltration and rainfall. Initially, we employed a regression model incorporating various variables related to
precipitation characteristics (e.g., duration, cumulative rainfall, intensity) and pre‐event cumulative rainfalls of
different durations. We simplified the model using a trial‐and‐error method until the remaining variables were
significant for the regressions (with a p‐value from theWald test lower than 0.05). The choice to follow a stepwise
statistical approach for the selection of significant variables was in accordance with Cannon et al. (2010).

3. Results
3.1. Setting Parameters for Hydrological Modeling

Focusing the attention on the calibration of parameters of the SCS‐CN method, especially on the Ia‐AMC
combination, the best CSI (=72%) was achieved when AMC was calculated based on the total rainfall over the
2 days preceding each event, with an initial abstraction Ia = 0.1S, as shown in Table 3.

CN values were calibrated by aligning the volumes of measured and simulated runoff for the events outlined in
Table 4 and Figure 6. A substantial variability is observed in the CN range (81.8–92.6), which is influenced by the

Table 3
Values of Critical Success Index (CSI), Determined for Each Combination of Initial Abstraction Ia and AMC by Applying
Equation 3

Considered days for AMC assessment

Ia

0.050S 0.075S 0.100S 0.125S 0.150S 0.175S 0.200S

1 day 0.59 0.66 0.65 0.60 0.48 0.39 0.35

2 days 0.55 0.67 0.72 0.67 0.59 0.48 0.43

3 days 0.54 0.62 0.66 0.65 0.61 0.51 0.49

4 days 0.53 0.58 0.61 0.63 0.62 0.56 0.54

5 days 0.51 0.54 0.57 0.58 0.60 0.55 0.55

Note. The best CSI value in bold.
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antecedent moisture conditions prior to an event: higher AMCs lead to a reduced CN value. The Curve Number
absolute values, denoted as CNA and linked to the AMC of each event, are deduced using Equation 2. These
values span from 65.4 to 90.6, averaging at 78.7. Omitting the outliers 71.6 and 72.6, which are associated with
two extended rainfalls (longer than 4 hr) on 9 August 2016 and 25 June 2017, the average CNA stabilizes at 80.2.

Once the CN is set for each considered event, we calibrate the fC parameter to align the peak discharges of
measured and simulated surface runoff, based on the performance parameter Πs (Equation 4). Πs resulted in a
mean of 8.5, with all but three values lower than 10 (Table 4). It is worth noting that two out of the three worst Πs
values were due to the simulation of longer‐duration and lower‐intensity rainfalls, specifically the events on the
25th and 28th of June 2017.

When plotting these values against the cumulative rainfall from the preceding 2 days (Figure 7a), nearly all points,
except for two, exhibit a trend that closely aligns with a nearly straight line. This alignment indicates a reliance of
infiltration on prior rainfall, as suggested by Beven (2002). The events that do not follow this alignment are those
that occurred on 13 August 2016, and 21 June 2017. Unlike the other events, they occurred in AMC II and III
(depending on whether a 2‐ or 5‐day previous cumulative rainfall is considered). An intriguing observation arises
when noting that the linear trend for AMC I events is also reflected in the maximum intensity of certain events that
did not generate any runoff (Figure 7b). These events were selected based on the criterion that their maximum
rainfall intensity exceeded the infiltration rate fC, as determined by linear interpolation using the equation shown
in Figure 7b.

Table 4
Relevant Characteristics of Simulated Runoff Discharges

Event AMC CN AMCNEW CNNEW CNA QP (l/s) QCNH− MC (l/s) fC (cm/h) Πs

15 August 2011 I 81.3 I 81.3 64.6 0.2 0.1 0.54

09 August 2013 II 90.6 I 95.6 90.6 10.2 9.6 1.28 4.3/7.2

19 August 2013 I 90.4 I 90.4 79.8 22.4 22.8 2.59 3.7/3.9

24 August 2013 I 83.3 I 83.3 67.7 15.8 15.9 1.76 13.2/13.1

12 August 2014 I 88.4 I 88.4 76.2 15.7 15.7 3.46 4.6/3.7

31 August 2014 I 90.1 I 90.1 79.3 12.9 13.4 1.15 9.8/9.1

04 August 2015 III 62.5 I 90.4 79.8 28.6 31.9 4.46 5.1/7.5

03 September 2015 I 92.8 I 92.8 84.4 34.4 41.1 2.63 6.6/8.3

13 July 2016 III 74 III 74 86.7 28.5 28.1 5 6.4/6.4

05 August 2016 II 76.0 I 88.5 76.0 20.6 22.5 3.38 6.7/10.5

09 August 2016 III 50.3 I 85.7 71.6 38.8 39.7 2.34 8.6/8.6

30 May 2017 I 81.8 I 81.8 65.4 35.7 44.3 7.20 16.9/17.0

20 June 2017 I 90.8 I 90.8 80.6 5.4 5.1 3.42 7.6/7.1

21 June 2017 II 83.9 II 83.9 83.9 13.3 14.1 4.68 5.7/5.9

25 June 2017 II 72.6 I 86.3 72.6 6.5 10.3 0.86 9.9/27.4

28 June 2017 III 63.8 I 90.9 80.7 6.6 8.0 1.12 18.0/62.1

08 July 2017 I 92.2 I 92.2 83.2 43.1 60 2.74 3.9/4.6

Note. Antecedent Moisture Conditions (AMC) are determined following the Soil Conservation Service (1972), and Curve
Number (CN) values of the rocky area, based on AMC. Considering only the rainfall from the previous 2 days, the
assessment method recalculates the antecedent moisture conditions (AMC) as AMCNEW . The corresponding absolute CN
values for the rocky area are then designated as CNNEW . The CNNEW values are then normalized toCNA using Equation 2. Peak
discharge measurements are represented by QP, while QCNH− MC denotes the peak discharge calculated via the SCS‐CNH
method coupled with kinematic wave routing with matched diffusivity (Orlandini & Rosso, 1996). The infiltration rate is
marked by fC, and the performance parameter by Schulz et al. (1999) is indicated as Πs (The first value refers to the
hydrographs simulated with the calibrated fC parameter, the second corresponds to the simulation with the fC parameter
calculated using the relationship in Figure 7c).
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3.2. Model Testing

We employed the events recorded in the Dimai watershed when the weir was missing to verify the relationship
presented in Figure 7b. We simulated the discharge and evaluated the time difference between the peak of the
simulated discharges and the arrival of the recorded runoff at the monitoring station. In the simulations, the CNA
coefficient was set to 80.2 in accordance with the findings presented in Section 2.3.1.

The time difference between the recorded and simulated discharges was minimal, with observed events occurring,
on average, 0.1 min earlier. This time difference ranged from a 5‐min advance to a 6‐min delay (see Table 5). For
two events in AMC I, we adjusted the predicted infiltration rate to improve the accuracy of the simulated time of
occurrence (indicated by empty triangles in Figure 7a). There were only two events with a different AMC. Since
the linear relationship shown in Figure 7b does not fully describe the behavior of certain events in AMC I, and
does not describe at all the events occurring in higher AMCs, we investigated if any relationship between
infiltration and rainfall characteristics exists. In Figure 7c, we present the obtained model. The only significant
variable here is the maximum rainfall intensity within 5 min of the events recorded. It suggests that higher
precipitation intensity enhances the ability of rainfall to infiltrate in rocky substratum.

Figure 6. Comparison of runoff discharges: observed values are represented by a continuous line, while simulated values using the SCS‐CNH procedure are depicted in
red lines for calibrated fC and in blue lines for fC assessed by the relationship in Figure 7c. The observed events occurred on: 09 August 2013 (a), 19 August 2013 (b), 24
August 2013 (c), 12 August 2014 (d), 31 August 2014 (e) 04 August 2015 (f), 03 September 2015 (g), 13 July 2016 (h), 05 August 2016 (i), 09 August 2016 (j), 30 May
2017 (k), 20 June 2017 (l), 21 June 2017 (m), 25 June 2017 (n), 28 June 2017 (o), and 08 July 2017 (p). Rainfall and excess rainfall concerning the Pomagagnon Fork rain
gauge are depicted in red and yellow, respectively. Meanwhile, blue and cyan depict those relative to the Dimai monitoring station. The timings of rainfalls have been
adjusted to align with the centroid of their respective areas of influence (Figure 1).
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We simulate the events using the relationship shown in Figure 7c, reported in Figure 6 to avoid overloading the
text. The results show a reasonable reproduction of the observed events, supported by the values of the perfor-
mance parameter Πs (Equation 4) detailed in Table 4. In this case as well, the poorest Πs values result from the
simulation of the events that occurred on 25 and 28 June 2017. These events were characterized by long‐duration,
low‐intensity rainfall. In these cases, modeling the excess infiltration using a Hortonian mechanism may not
represent the actual runoff generation process.

3.3. Reproducing the Triggering of Debris Flow Events

The refined model, calibrated for the Dimai watershed, was then applied to the monitored catchments of Rio Gere
and Rovina di Cancia, comparing: (a) the modeled peak runoff time and the initiation of the debris flows; (b) the
shapes of the simulated and recorded stage hydrographs. Since their installation, the monitoring stations in these
catchments have witnessed several debris flow events. In the Rovina di Cancia catchment, stage hydrographs
were recorded for five of these events: 23 July 2015; 1 August 2018; 1 July 2020; 26 July 2022; 3 July 2023. In the
Rio Gere catchment, three events were recorded: on 8 July 2021, 20 July 2023, and 28 August 2023. In the

Figure 7. Hortonian infiltration rate, fC , juxtaposed with the cumulative rainfall from the preceding 2 days. In the figure, squares correspond to the infiltration rates for
events detailed in Table 4, while triangles denote events where the weir data is absent, as discussed in Section 3.2. Marker thickness illustrates the AMC of each event,
ranging from the thinnest marker for AMC I to the thickest for AMC III. Panel (a) includes all events, whereas panel (b) is specific to AMC I events, showcasing their
infiltration rates, fC. Red squares highlight particular events that experienced no runoff despite the maximum rainfall intensity surpassing the infiltration rate fC
determined by the preceding equation. Panel (c) relates the infiltration rates, fC , to the 5‐min maximum intensity of the associated rainfall events, with an intercept of
− 0.370 cm/hr and an angular coefficient of 0.090 cm/mm, ascertained solely from these specific events.
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initiation area at Rovina di Cancia, video recordings generally show debris flows with a dense solid‐liquid front
followed by a more dilute body, while at Rio Gere, they show a hyper‐concentrated flow, which may increase its
solid concentration further downstream.

Based on the findings presented earlier, the CNA for rocky surfaces is established at 80.2. Meanwhile, CN values
for mountain pine slopes (CN = 61) and scree slopes (CN = 65–70, varying with deposit thickness and texture)
are derived from existing literature. The velocity US is assumed as 0.7 m/s for rocky paths and 0.1 m/s for other
terrains. The coefficient fc for rocky surfaces is determined using the linear relationship depicted in Figure 7c,
while for other land uses, guidelines from Gregoretti et al. (2016) are followed. Additionally, field observations
establish outlet section widths for the Rovina di Cancia and Rio Gere channels at B0 = 8.0 and 5.0 m,
respectively.

In Figure 8, we illustrate the hydrological simulations of the events alongside the stage hydrographs obtained
from two monitoring stations. Stage measurements were acquired using various sensors, each with distinct ad-
vantages and limitations: pressure transducers offer reliable transit timing but might have limited recording
duration and susceptibility to damage during events. Video reconstruction provides transit timing accuracy but
struggles to precisely determine stage values, particularly at night. Conversely, radar or laser sensors offer
continuous stage data and accurate timing but might falter when the flow is turbulent or the surface is irregular. At
Rovina di Cancia, a pressure transducer derived stages for the 1 August 2018 event, video reconstruction was
employed for debris flows on 23 July 2015, and on 1 July 2020, and a radar distance meter was used for events
from 2022 onward. In Rio Gere, laser‐level sensors recorded stages. Comparing simulated discharges to recorded
stage hydrographs focuses on peak timing and shape alignment. The time lag between simulated runoff peaks and
the first surge of observed debris flows typically falls within the range of [− 2.5, 1.5] minutes, with a good
replication of the stage hydrographs. The event that occurred in Cancia on 3 July 2023 (Figure 8e) shows an
excellent correspondence in timing between the simulated hydrograph and the measurements taken. Unlike the
other recorded stage hydrographs, the depth values go negative. In fact, the event eroded the channel at the
measurement section, thus providing negative stage values.

Table 5
Runoff Events Observed in the Dimai Watershed During Periods When the Sharp‐Crested Weir Was Missing

Date Cumulative rainfall 2 days before (mm) AMC fC (cm/hr) Required fC (cm/hr) Δt (min)

11 July 2010 3.0 1 3.24 − 0.6

23 July 2010 6.5 1 2.40 − 0.2

04 August 2010 4.2 1 2.95 − 0.5

08 August 2010 0.0 1 3.96 − 2.0

13 August 2010 7.6 1 2.14 − 0.3

16 August 2010 34.0 3 1.12 1.3

27 August 2010 0.0 1 3.96 − 2.3

16 June 2011 2.4 1 3.38 − 1.6

04 July 2011 5.4 1 2.66 0.7

15 July 2011 3.4 1 3.14 2.16 − 5.1

16 July 2011 12.8 1 0.89 0.0

23 July 2011 9.0 1 1.80 6.3

31 July 2011 0.0 1 3.96 3.0

09 June 2013 7.2 1 2.23 0.36 1.5

22 June 2013 0.0 1 3.96 1.2

24 June 2013 72.4 3 0.54 − 3.2

Note. The fC parameter is determined using the relationship shown in Figure 7b. Required fC refers to the infiltration rate
necessary to match the timing of the observed runoff, while Δt represents the time discrepancy between the recorded and
simulated discharges.
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Figure 8. Simulated runoff hydrographs for the rainfall events recorded at Rovina di Cancia (a–e) and Rio Gere (f–h) on:
(a) 23 July 2015; (b) 01 August 2018; (c) 01 July 2020; (d) 26 July 2022; (e) 03 July 2023; (f) 08 July 2021; (g) 20 July 2023;
(h) 28 August 2023. The values of the parameters adopted in the hydrological model are: US = 0.7 m/s, kS = 9 m1/3/s, and
B
′
= = 8 m (Rovina di Cancia), 5 m (Rio Gere). The insert in panels (a) and (d) zooms on the recording of the events.
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4. Discussion
The assumption about the CN value adopted in Section 2.3.1 for evaluating the best combination of the Ia co-
efficient and the number of days for computing the cumulative previous rainfall for determining AMCs was
derived from the historical data sets of Gregoretti et al. (2016). However, to validate the analysis performed, we
repeated the same analysis, varying the CN values within a range around the initial value (82–95), which is also
the range observed in the recorded events (Table 4). We found that the best combination for determining the initial
condition of the system remained the same as previously identified, with an average TS= 0.67. This calculation of
the parameters for the CN method confirms established knowledge in the literature. Various authors, including
Hawkins et al. (2008) and D’Asaro and Grillone (2012), have criticized the proposed initial abstraction Ia = 0.2S,
emphasizing that this standard value is excessively high in certain contexts, such as alpine environments.
Furthermore, alternative methods for assessing AMC, as suggested by Cea and Fraga (2018), have emerged. The
different approach to evaluate AMC significantly altered rainfall classification, leading to a notable 70% increase
in events categorized as occurring under dry conditions and reductions in those classified as normal or wet. Also
Prenner et al. (2018) observed that summer convective phenomena are more frequent over dry soils. This is likely
due to the high energy input during the summer season, which leads to high evapotranspiration. The reported CN
values, reflective of highly fractured rocky terrains encompassing 95% of the Dimai catchment area, align with
those presented by Hawkins et al. (2010), indicating an abrupt increase in CN (termed as a “violent behavior” of
the catchment) beyond certain precipitation thresholds, eventually stabilizing at a higher value, CN∞. In Figure 4,
we depict a transversal profile of a rock wall, illustrating different hypothetical paths of surface/subsurface
discharges to reach the main channel. Therefore, we highlight mechanisms of faster and slower return, linked to
the Hortonian mechanism rather than the saturation excess one. In fact, although the SCS‐CNmethod predicts the
total runoff volume of events, it fails to precisely determine peak discharges and hydrograph shapes. This is
primarily due to its inability to correctly evaluate the impulsive runoff‐contributing rainfall pattern, stemming
from its failure to account for the infiltration excess mechanism. Conditions in our study area, characterized by
small, steep, bedrock‐dominated basins with rapid hydrological responses, contrast sharply with the larger, more
moderately sloped basins with diverse land covers where the CN method was originally developed and is more
commonly applied. In Dolomitic basins, the dominant bedrock substrate promotes rapid surface runoff,
emphasizing the need for hydrological models that can accurately capture these unique characteristics and the
predominant Hortonian flow generation processes, as demonstrated by Gregoretti et al. (2016).

The infiltration excess mechanism is considered through the infiltration rate. The variability range for fC appears
compatible with values measured by Li et al. (2011) in dolomite rocky outcrops. These values could be explained
by the high degree of fracturing in the Dolomite rock masses (Marchi et al., 2008). The dependence of infiltration
rate on the maximum recorded precipitation intensity might seem contradictory; however, it has been widely
observed in the past, both in laboratory tests (Morin & Benyamini, 1977; Nassif & Wilson, 1975) and in natural
conditions (Yu et al., 1998). This infiltration mechanism, stemming from rock fracturing, resembles the discharge
pattern of an orifice, wherein infiltrated flow increases with hydraulic load. Several explanations have been
proposed over the years, including the erosion of the seal layer, which is the thin surface layer promoting runoff
and reducing infiltration (Valentin, 1993). With higher rainfall intensities (and kinetic energy of raindrops),
there is a greater brushing‐off effect on the sealing of the soil surface, resulting in higher infiltration rates
(Bowyer‐Bower, 1993; Morin & Benyamini, 1977). Another explanation involves the formation of a shallow
saturated zone in the surface seal layer, leading to a higher hydraulic gradient and higher infiltration (Mualem
et al., 1993). In our study area, the most plausible explanation may be related to the high degree of fracturing of
rocky outcrops. Li et al. (2011) demonstrated that the presence of cracks in rocky surfaces increases the infiltrated
component of rainfall, thereby significantly reducing the runoff coefficient of the tested plots. Moreover, these
findings seem to support the limited influence of antecedent moisture conditions on the watershed response in
such an environment (Berti et al., 2012; Mostbauer et al., 2018; Wieczorek & Glade, 2005).

Regarding the replication of debris flow hydrograph, we found a small time lag between simulation and obser-
vation. This aligns with debris flow initiation mechanisms closely associated with runoff destabilizing in‐channel
sediment layers. A small lag signifies relatively robust model performance. The simulations generally replicate
stage hydrographs well, especially for hyper‐concentrated events at Rio Gere. However, for more developed
debris flows, the rising limb of simulated hydrographs often matches the abrupt level increase in the channel,
while the falling limb shows lower accuracy, with simulated runoff dropping below the critical threshold for
debris flow occurrence. Notably, our model struggles to replicate the 26 July 2022 event (Figure 8d), as evidenced
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by video footage capturing a fully developed debris flow surge. In this event, the strong liquid current likely
transferred significant momentum to the sediment, leading to the formation of a solid‐liquid wave and subsequent
flow deceleration. However, our findings resonate with those of Rengers et al. (2016, 2019), who, similar to this
study, compared model‐predicted peak discharge times with stage hydrographs during debris flow events, leading
to the conclusion that hydrological models can simulate the initiation time of runoff‐generated debris flows. It is
important to note that this methodology should be applied to the initiation phase of debris flows when a solid‐
liquid head forms, followed by a liquid body, that is, before the sediment bulking that transforms the whole
wave into a solid‐liquid flow. It does not explicitly account for the complex processes governing debris flow
initiation and sediment entrainment into the flow that causes the volumetric growth of up to one order of
magnitude (Reid et al., 2016; Simoni et al., 2020). Indeed, while traditional hydrological models, including the
Curve Number approach, can provide valuable insights into water‐dominated flows, they cannot fully represent
the unique dynamics of debris flow events when applied to such phenomena. Notably, debris flows exhibit
significantly higher peak discharges compared to water flows due to sediment bulking and complex surge dy-
namics. These surge phenomena, often not directly tied to fluctuations in rainfall intensity (Berti et al., 2000),
result from the interaction between water and sediment, leading to pulsating flow behavior that cannot be
adequately replicated by standard hydrological models. In fact, in Figure 8d, the proposed model cannot capture
the solid‐liquid hydrograph of the mature debris flow that occurred on 23 July 2022. In such an event, the debris
flow formed in the upper part of the channel, reaching a high solid content upstream of the monitoring section.

The inherent challenges in accurately predicting debris flow phenomena, even with the extensive monitoring and
modeling efforts undertaken in this study, must be acknowledged. The present study is among the few (Rengers
et al., 2016, 2019; Tang et al., 2019, 2020) using a modeling approach based on experimental data observed in the
field. While our study focuses on a specific area in the Dolomites, it is important to emphasize that the meth-
odology we have developed can be adapted and applied more broadly. Our approach demonstrates how to tailor a
hydrological model to the particular characteristics of a study area, providing a framework that can be generalized
to other geomorphological settings. Researchers studying different environments can adapt this method, modi-
fying the hydrological model to suit their specific area characteristics. For instance, while we combined the SCS‐
CN method with a simple hortonian infiltration law for our steep, bedrock‐dominated basins, other studies like
Rengers et al. (2016) have employed different methods, such as the Green‐Ampt method for modeling infiltration,
which was more suitable for their study site. This adaptable methodology is particularly valuable for predicting
the initial phases of debris flows in various environments. By customizing the model to local conditions, more
accurate predictions of debris flow initiation across different geological and hydrological contexts can be ach-
ieved. However, while our results represent a significant step forward, consistently reliable predictions in such a
complex environment remain elusive, especially due to the difficulties related to data collection in the initiation
areas, which significantly hinder progress in the field. Furthermore, the physical peculiarities of debris flow
catchments demand specific tools that differ significantly from those used in larger basins, where water‐dominant
flows occur.

In this study, we applied the model to watersheds with a single channel that concentrates and routes surface runoff
from the above rock walls through gullies or fractures onto alluvial fans, where it mobilizes the existing debris
deposits. However, the model can also be applied to assess catchments with multiple channels in deposits of loose
materials, where it is unclear whether only one or several would produce debris flows triggered by a specific
precipitation event. This is the case also highlighted in Barbini et al. (2024), where the Rusecco basin (San Vito di
Cadore, BL), adjacent to the north of the Rovina di Cancia catchment, was analyzed. In this instance, hydrological
modeling was conducted for all the sub‐catchments that, according to geomorphological analysis and surveys,
could generate debris flows. Most of these were sub‐catchments affecting different sediment source areas, while
one sub‐catchment had multiple channels affecting the same large debris deposit derived from a massive rock
failure. In general, prior to applying the model, a study must be conducted to effectively assess the availability of
sediment in the basin under investigation, in order to run simulations on potentially affected areas.

The ability of the model to determine the hydrograph shape and peak time indicates its potential utility for early
warning systems to predict debris flow occurrences (Bernard & Gregoretti, 2021). It may also aid in calculating
the solid‐liquid hydrograph necessary for executing models that simulate debris flow propagation. For instance,
the runoff contributing to debris flow and the related solid‐liquid hydrograph can be identified and modeled
following the methods outlined by De Paola et al. (2017) and Barbini et al. (2024). Estimating the volume of
sediment that can be mobilized is critical for assessing hazards and risks, designing effective structural
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safeguards, and formulating efficient emergency management regulations, as highlighted by Ghilardi
et al. (2001). This requires reliable data on sediment transport during debris flow events to evaluate sediment‐
volume concentration. Once a significant data set is established, detailing the volume balance of mobilized
sediments for each event, it becomes possible to estimate the volume of debris flow in the initiation area (Simoni
et al., 2020). By comparing this with the modeled discharge, an estimation of the sediment‐volume concentration
of the initial surge can be obtained. This approach enables a more in‐depth analysis of debris flow formation
modeling.

5. Conclusions
Monitoring the impervious dynamics of dolomitic headwater catchments poses challenges. Understanding
precipitation‐runoff relations is essential to enhance our knowledge about debris flow triggering and to model
initiation dynamics on scree slopes beneath rocky cliffs. The installation of a sharp‐crested weir at the outlet of the
Dimai headwater catchment (Cortina d’Ampezzo, BL) provided valuable hydrological data for dolomitic
watersheds.

The hydrological response to multiple convective rainfall events was recorded for the catchment in the period
2010–2017. Hydrographs exhibit an impulsive nature, reminiscent of debris flow stage hydrographs, with a rapid
decrease in discharge, stabilizing at a near‐constant level. This runoff pattern aligns with observations by Gre-
goretti et al. (2016) and can be represented by two rectangular stages: an initial tall, narrow peak followed by a
shorter, prolonged one.

Initial hydrological modeling conducted demonstrated that, although the SCS‐CN method can predict the total
runoff volume of events, it falls short in determining peak discharges and hydrograph shapes. This shortcoming
arises mainly from its inability to correctly evaluate the impulsive runoff‐contributing rainfall pattern, as it does
not account for the infiltration excess mechanism.

To address these issues, we adopted the model suggested by Gregoretti et al. (2016), modifying the method for
calculating excess infiltration for a closer match with experimental data. TheCN coefficients, fine‐tuned to ensure
alignment between observed and simulated runoff volumes, vary slightly, averaging around 80.2. This model
replicates the peak‐discharge value and timing, as well as the total runoff volume. The comparison between our
simulation and available evidence indicates that the key element to achieving a good match is the relationship that
connects the infiltration rate to the maximum rainfall intensity: the higher the precipitation intensity, the greater
the infiltrated part.

To test the robustness of the model and validate its predictions, we take advantage of more field monitoring data
collected from two larger debris flow prone catchments located in the same Dolomite area. Specifically, we
compare the simulated runoff with the timing and shaping of seven events that occurred in the Rio Gere and
Rovina di Cancia catchments in response to extreme rainfalls. The proposed model reproduces the timing of the
peak discharge observed in the initiation area of the two catchments. Differences in timing are only a few
minutes, ensuring acceptable accuracy of the model. Additionally, the shape of the stage hydrographs seems to
be adequately replicated. However, available data indicate that the fit is more satisfactory in the case of hyper‐
concentrated flows not yet fully developed as debris flows. Whenever a mature debris flow surge is observed,
the curbing effect of the coarse‐grained granular snout introduces some delay in the downslope propagation of
the phenomena; therefore, our predictions tend to anticipate the actual flow stage growth and peak discharge.

The model exhibits promise in predicting runoff shape and peak time, which are relevant factors for hazard
management. It can provide input hydrographs for debris flow routing models, potentially improving their ac-
curacy. These capabilities suggest two potential applications. First, the model could be used to forecast debris
flow occurrences based on rainfall data, offering a tool for early warning systems (Bernard & Gregoretti, 2021).
Second, it might aid in hazard assessment, design of protective structures, and emergency management protocols
by estimating mobilizable sediment volume. However, accurately determining solid‐volume concentrations
within debris flows requires complex sediment budget analysis after each event. The need for such data un-
derscores the importance of further research in this area, which will be addressed in a future study.
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Data Availability Statement
Video mentioned in Section 3.3 are available in Bernard et al. (2024).
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