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Abstract

In the Dolomitic region, abundant coarse hillslope sediment is commonly found at the
toe of rocky cliffs. Ephemeral channels originate where lower permeability bedrock
surfaces concentrate surface runoff. Debris flows initiate along such channels
following intense rainfall and determine the progressive erosion and deepening of
the channels. Sediment recharge mechanisms include rock fall, dry ravel processes

and channel-bank failures.

Here we document debris flow activity that took place in an active debris flow basin
during the year 2015. The Cancia basin is located on the southwestern slope of
Mount Antelao (3264 m a.s.l.) in the dolomitic region of the eastern Italian Alps. The

2.5 km? basin is incised in dolomitic limestone rocks.

The data consist of repeated topographic surveys, distributed rainfall measurements,
time-lapse (2 sec) videos of two events and pore pressure measurements in the
channel bed. During July and August 2015, two debris flow events occurred,
following similarly intense rainstorms. We compared rainfall data to existing rainfall
triggering thresholds and simulated the hydrological response of the headwater

catchment with a distributed model in order to estimate the total and peak water
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discharge. Our data clearly illustrate how debris entrainment along the channel is the
main contributor to the overall mobilized volume and that erosion is dominant when
the channel slope exceeds 16°. Further downstream, sediment accumulation and
depletion occurred alternately for the two successive events, indicating that sediment
availability along the channel also influences the flow behavior along the prevailing-
transport reach. The comparison between monitoring data, topographical analysis
and hydrological simulation allows the estimation of the average solid concentration
of the two events and suggests that debris availability has a significant influence on

the debris flow volume.

Keywords: debris flow, runoff initiation, rainfall thresholds, erosion,

Introduction

In alpine areas, abundant coarse hillslope sediment is commonly found at the toe of
rocky cliffs. Channels originate where the bedrock surfaces deliver surface runoff, at
the outlet of chutes incised into the cliffs. Debris flows initiate along such channels
following intense rainfall and determine the progressive erosion and deepening of
the channels. This type of runoff-generated debris-flow is common in alpine areas
(Coe et al., 2008; Hurlimann et al., 2013; Imaizumi et al., 2006; Theule et al., 2015)
but was observed also in recently-burned steeplands (Cannon et al., 2001; Kean et
al., 2011), steep volcanic terrain (Capra et al., 2018; Lavigne and Thouret, 2003;

Okano et al., 2012) and other environments (Ma et al., 2018).
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The mechanism of transformation of loose debris into flowing debris generated by
water runoff is not fully understood. However, there is general consensus on the fact
that the material susceptible to mobilization is represented by the loose sediment
accumulated on the bed of the debris flow channel. This channel-bed material may
undergo localized mass failure with consequent sediment entrainment by
hydrodynamic forces (Kean et al., 2013; Takahashi, 1991) or, more simply, may be
subject to progressive erosion by hydrodynamic forces from the top down. Evidence
of this latter mechanism was found in flume experiments (Tognacca et al., 2000; Hu
et al., 2016) and in the field (McCoy et al., 2012) and models were proposed to
describe the incipient motion of particles on steep slopes (Lamb et al., 2008;
Recking, 2009). Regardless of the precise mobilization mechanism, debris flow
initiation requires the presence of sediment deposits along the channel-bed. Their
abundance and distribution, together with the rainfall characteristics, influence the
frequency and magnitude of debris flow events. Bovis and Jakob (1999) first
recognized the possible existence of two limit classes of debris flow basins,
weathering-limited and transport-limited, based on debris availability in relation to
climate forcing. They stressed the importance of sediment recharge rates in
weathering-limited systems where debris production is a controlling factor for debris
flow frequency. On the other end of the spectrum, it is unclear whether basins where
the availability of sediments is truly unlimited do exist, such that the occurrence of
debris flow becomes transport-limited. In any case, the process of channel infilling
assumes notable relevance for debris flow initiation in the vast majority of basins.
Sediment recharge mechanisms include rock fall and dry ravel processes following

debris flow (Coe et al., 2008; Loye et al., 2016; Rengers et al., 2020), channel-bank
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failures (Berti and Simoni, 2005), bed load by water flow and/or very small debris

flows (Kean et al., 2013) and landsliding (Berger et al., 2011).

Unfortunately, a limited amount of field observations exist that can be used to
evaluate how channel-bed material availability may influence debris flow initiation
and magnitude for a given set of topographic and hydrologic conditions. Such
observations are scarce because events are usually infrequent and the terrain is
typically difficult to access. Pioneering studies include Jakob et al. (2005) who
constrained debris recharge rates over time for weathering-limited bedrock-incised
channels and Imaizumi et al. (2006) who documented with geomorphological
observations sediment infilling of steep channels and subsequent periodic
evacuation. Mao et al. (2009) showed how sediment recharge rates can profoundly
influence the morphology and sediment-transport behavior of otherwise similar
catchments while Imaizumi et al. (2017) documented the influence of sediment
availability and rainfall pattern on the type of flow that can be generated in a small
debris flow catchment. Direct measurements of the entrainment rates of full-scale
debris flows have been obtained at few field sites (Berger et al., 2011; McCoy et al.,
2012). Additional information on the total volume of eroded material is available from
periodic or event-based topographic differencing (Schirch et al., 2011; Blasone et
al., 2014; Theule et al., 2015; Loye et al., 2016; Vasquez et al., 2016; Ma et al.,
2018); however, the full depth of erosion can sometimes be obscured by deposition
during the tail of the flow (Staley et al., 2011). Efforts to include sediment availability
in the prediction of debris flow magnitude and frequency have started in the last few
years (Jakob and Friele, 2010; Loye et al., 2016; Jakob et al., 2017) but challenges
and limitations are still relevant for practical applications (Rickenmann, 2016),

therefore direct observations are still in great need.
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In this paper, we document debris flow activity that took place in an active basin of
the eastern Italian Alps in the year 2015. During July and August, only twelve days
apart, two debris flow events occurred, following rainstorms of similar intensity. Data
consist of repeated topographic surveys of the debris flow channel, distributed
rainfall measurements and time-lapse (2 sec) videos of two events at the initiation
area, and pore pressure measurements in the channel bed. The objectives of this
are to identify the factors governing erosion and deposition along the channel and to
assess the impact of sediment availability on the magnitude of the two documented

events.

We analyzed triggering rainfalls and compared them to previous known events and
non-triggering rainfalls to evaluate the performance of existing duration-intensity
thresholds. We used hydrological modelling to estimate the timing and magnitude of
liquid discharge at a monitoring station placed in the initiation area of the debris
flows. The collected data document the surging nature of the flow and allowed us to
compare simulated and observed hydrological timing. Images of the events were
used to estimate the height and speed of the debris flow front in conjunction with

pore pressures measured at the base of the flow.

Pre- and post-event topographies were compared to investigate erosion-deposition
dynamics in relation to the slope of the debris flow channel and its local morphology.
Given that events were triggered by similar rainfalls, we analyzed their differences in
terms of overall mobilized volume and patterns of erosion and deposition to gain
insight on the possible effect of sediment availability on debris flow volume. The
combination of field observations with predictions from a hydrological model allowed
us to estimate and then compare the overall sediment concentration of the two

events.
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Material and methods

The study site

The Cancia basin is located on the southwestern slope of Mount Antelao (3264 m
a.s.l.) in the dolomitic region of the eastern Italian Alps. The 2.5 km? basin is incised
in dolomitic limestone rocks. Steep bedrock cliffs dominate the headwater and
produce abundant unconsolidated scree deposits. Scree slopes are near the angle
of repose, sparsely vegetated by shrubs below 2000 m and covered by alpine forests
below 1600 m a.s.l.. The Cancia basin is in fact composed of two sub-basins (Figure
la). Though similar in size, they differ for the relative abundance of loose
unconsolidated debris vs. outcropping or subcropping bedrock. In the west sub-basin
(0.73 km?) vegetated scree deposits extend over 27 % of the area and bare loose
debris represent 22 % (Figure 1b). Conversely, in the east sub-basin, bare scree
accounts for only 5 % and vegetated scree patches are scattered on top of largely
dominant dolomite outcrops/subcrops (62 % of the area). Debris flows represent the
main sediment transport mechanism for the west sub-basin whereas in the east sub-
basin (0.99 km?) regular torrential activity is largely dominant and sediment is mostly
transported by bedload transport. The confluence is located at an elevation of 1320
m along the large debris flow fan. The small village of Cancia (Borca di Cadore
municipality) is located at the toe of the fan and is protected by a series of check-
dams built in the lower part of the channel and two in-series sediment retention

basins (Figure 1a) positioned at elevations of 1340 and 1000 m a.s.l. respectively.

Debris flows are triggered by the surface water runoff that steep rocky slopes
concentrate into the headwater. They initiate along the channels incised in the scree
deposits and then propagate downstream entraining the channel-bed material and

contributing to the deepening of the drainage network (Figure 2b, c). Scree deposits
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are generally unconsolidated, nevertheless, probably due to the stress and age
increasing with depth, they are consistently more dense and coherent than the

sediment filling the channel bed, characterized by an extremely loose open structure.

Channel-bed material accumulates along the channel due to rockfall from dolomite
cliffs and dry ravel from steep channel banks, promoted by drying and wetting
cycles. Results of grain-size measurements indicate that the coarse fraction is
largely dominant while sand and fines add up to 15% on average (Figure 3). Similar
results were found by Gregoretti et al., 2019 for deposits of previous flow events.
Debris flow activity evacuates accumulated sediment, erodes the channel and
underscours its bank causing frequent localized bank failures that foster the cyclic
process of channel filling. Triggering rainfalls consist of short and intense rainfalls
typically produced during the summer season by convective rainstorms (Berti and

Simoni, 2005; Underwood et al., 2016).

Monitoring activities

In June 2014, we installed a low-cost monitoring station along the debris flow
channel at an elevation of 1665 m (Figure 2b, d). Here the channel is steep (about
30°) and debris flow initiation occurs due to erosion of the channel bed material. The
aim of the monitoring was to gain knowledge of the channel runoff and debris flow
initiation by measuring pore-water pressures in the channel-bed material and by
recording time-lapse videos of the channel during and after intense rainfalls.
Measured parameters also include 5-minute rainfall intensity and wind speed and

direction.

We acquired high-frequency data (5 sec) measured by two pressure sensors buried

in the channel-bed material, whenever a rainfall intensity threshold (0.3 mm / min)
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was exceeded. At the same time, the two time-lapse cameras were powered by a
datalogger and started recording high-resolution (1280x720) images at a frequency
of 0.5 Hz to document channel dynamics following intense rainfalls. During regular
functioning, data (rainfall, pressures) were acquired every 5 min by the datalogger
and cameras were off. Pressures were measured by piezoresistive differential
pressure transducers with a nominal accuracy of 0.1 mm of water pressure
(measuring range: 0-50 kPa) buried 20 cm below the channel bed. Cameras

recorded HD images storing them on a 32 GB SD-card.

In the Cancia basin, a warning and alarm system is also operating. It is based on
multiple distance and wire sensors deployed along the debris flow channel in 4
stations. Data are always recorded every minute and are therefore of limited use for
debris flow documentation. The warning system has no connection to our monitoring
system. However, we took advantage of the rain gauges connected to the warning

system to increase the spatial resolution of rainfall measurement (Figure 2).

Topographic and UAV surveys

In order to document the morphological changes caused along the main flow
channel by the two debris flow events that occurred during summer 2015, we use
topographical information acquired at different dates, mainly for civil protection
purposes. They consist of one airborne laser scanning survey performed in 2011
(ground points spacing equal to about 0.85 m) and two series of UAV aerial
photographs taken shortly after the two events (ground points spacing equal to about

0.10 m). We used these surveys to obtain 1 m DEMs.

We also repeatedly surveyed the channel to document its changes by means of

photos and local topographic measurements performed using mainly the GPS-RTK
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technique and, on one occasion, Terrestrial Laser Scanning (TLS). GPS-RTK
surveys consisted in measuring cross-sections along the channel (precision < 0.1 m)
and were carried out in October 2013 and October 2015. The TLS survey dates back
to December 2014 and covers the channel between 1300 and 1650 m a.s.l.
approximately (mean absolute registration error < 0.03 m, ground point spacing:

about 0.15m).

Topographic data of ground-based surveys performed between October 2013 and
December 2014 were used to update the 2011 Lidar-derived DEM, thus obtaining a
reliable depiction of the 2015 pre-event channel morphology (Table 1). The updates
mainly concerned the upper part of the debris flow channel, where two small-medium
size events occurred in the summer 2013 caused localized topographic changes
(Table 3). Noteworthy, during field surveys conducted before July 2015 we detected
only minor changes in the channel morphology with respect to the autumn-winter
2013-2014, mainly related to dry ravels from channel banks that slowly recharge the
channel bed with sediments. The resulting DEM can be considered representative of

the channel morphology before the event occurred on July 23rd.

We derived two post-event DEMs from aerial photographs taken shortly after the
debris flow events of July and August 2015. They cover the unvegetated channel
area from the lower sediment retention basins to our monitoring station. Only in the
areas of the upper (1340 m a.s.l.) and lower retention basin (1000 m a.s.l.)
excavation works, aimed to re-establish the functionality of protection structures,
caused minor topographical variations during the few days between each event and
the corresponding UAV flights (8 and 2 days respectively). After the first event, GPS-
RTK surveys allowed us to eliminate inaccuracies due to post-event excavations

(Table 1).In the case of the second event, excavations executed inside the upper
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retention basin between 31/07 and 04/08 account for an estimated 1000 m? (based
on the number of vehicles used for transport) that are erroneously included in the
04/08 pre-event DEM (Table 1). Similarly, the 04/08 post-event DEM does not
account for 500 m?3 of material that were excavated the following day before aerial
photos were taken. Such inaccuracies are limited to the upper sediment retention
basins and are deemed to not impair our ability to document the relevant

morphological changes produced by the debris flow event along the channel.

In this paper, pre- and post-event channel topographies are used to map erosion-
deposition patterns. We calculated elevation-change models from subsequent
surveys. Independent GPS-RTK measurements acquired in correspondence of
stable morphological features (e.g., check dams and retentions basin) were used as
ground control points in order to assess the vertical accuracy of each generated
terrain model. Furthermore, stable areas immediately outside the gully that did not
reasonably experience any elevation change within the reference time period were
used to evaluate the relative accuracy of pre- and post-events DEMs. In particular,
elevation accuracies were evaluated through the approach developed by Héhle and
Hohle (2009) and Hohle and Potuckova (2011). The systematic error of each DEM
has been corrected by a 2.5D calibration along the vertical axis before evaluating the
DEM of Difference (DoD). As highlighted by various authors (e.g. Lane et al., 2003;
Wheaton et al., 2010), when performing operations of difference between multi-
temporal DEMs, it is essential to take into account the intrinsic error of each
individual DEM. This allows distinguishing the real morphological changes by the
noise of the DEMs, reaching a theoretically more accurate volumetric balance. In
order to filter uncertainties inherent to pre and post-event DEMs, we applied a

threshold (minimum level of detection) calculated by propagating as quadratic sum
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the standard deviations of vertical errors of each DEM (Brasington et al., 2003). The
resulting minimum level of detection was 0.539 m for the July 23 event and 0.794 m
for the August 4™ event. Below these thresholds, elevation changes were neglected

in our DoD models.

The hydrological model

We used a modelling approach to simulate the surface runoff generated by the
rainfall episodes that triggered the observed debris flows. Model results are checked
in terms of peak timing and duration of runoff against the data acquired by the

monitoring station located in the initiation area (Figure 1b).

Specifically, we used the distributed hydrological model developed by Gregoretti et
al. (2016) for small rocky headwater catchments. Here we briefly summarize the
main features of this model, referring the reader to Gregoretti et al. (2016) for the
details. The model consists of a DEM-based method whereby the excess rainfall is
computed for each pixel and routed to the outlet. Along the steepest path of slope, a
constant slope velocity U is assumed, depending on the terrain typology; along the
channel network a matched diffusivity kinematic model is employed (i.e., the
Muskingum-Cunge scheme implemented by Orlandini and Rosso [1996]). Excess
rainfall is computed through either a simplified hortonian law when rainfall intensity
exceeds infiltration rate (fc) or by using the SCS-CN method (SCS, 1972; NRCS,
2008). The rainfall input to the model is calculated for each pixel from the data
measured by rain gauges 1 and 2 (Figure 2). The corresponding areas of influence

are determined by means of the Thiessen polygons.

The relevant parameters of the model are the curve number, CN, the critical

infiltration rate, fc, leading to runoff inception, the along slope velocity, U, and the
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friction coefficient for channel routing, Ks. Their typical values are reported in Table 2
and were set equal to those estimated by Gregoretti et al. (2016) in a dolomitic
headwater basin (Dimai) with morphology similar to Cancia. In the Dimai basin,
these values have been found to reproduce with good accuracy peak discharge,
volume and overall shape (i.e., the nearly vertical initial raise and the slower
decreasing limb) of five runoff hydrographs directly measured in the field. According
to the SCS-CN method, the critical infiltration rate that provides most of the runoff for
a rocky terrain depends on the rainfall depth of the previous five days. However, the
analysis carried out by Bernard (2018) on the basis of further runoff measurements
(12) collected at Dimai and runoff estimates (220) concerning the dolomitic basins of
Dimai, Punta Nera and Cancia itself, suggests a dependence of fc on moisture
conditions antecedent to rainfall (AMC, Chow et al., 1988) of the previous two days.
Therefore, both the debris flow events investigated here were characterized by AMCI
conditions. Note also that the average fc values reported in Table 2 typical of scree
slopes and mountain pine slopes are likely to be seldom exceeded by rainfall rate

and, consequently, their influence on the model output is negligible.

We used the predictions of the hydrological model to compute the response of the
headwater catchment in the debris flow initiation area where the monitoring station is
located. Given that the entrainment of sediment is still limited in the initiation area
(Rengers et al., 2016), we assume that the hydrological simulations hold in terms of

timing (time to peak, duration) and water discharge.

Historical data and rainfall threshold for debris flow initiation.

The Cancia catchment has a long history of debris flow activity and, given the

presence of a village on its fan, some historical information are available. The largest
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recorded debris flow event dates back to 27/07/1868. It deposited more than 100000
m? of debris, caused severe damage to the village and reached the Boite River
temporarily damming its course (Bacchini and Zannoni, 2003). After World War II,
the historical record becomes progressively more complete and destructive events
are described in 1966, 1987, 1994 and 1996. We collected available information
about rainfalls triggering major events and associated volumes of mobilized debris.
These data are summarized in Table 3 together with those directly collected by the

authors for the most recent events (1999-2019).

Runoff-generated debris flows are commonly triggered by very intense rainfall, with
durations that are often less than 1 h (Bel et al., 2017; Berti and Simoni, 2005; Coe
et al., 2008; Underwood et al., 2016). The definition of rainfall events is thus crucial
to isolate episodes of high-intensity rainfall. We define a high-intensity rainfall
episode, or “burst” (Coe et al., 2008), as a segment of rainfall that begins when
intensity equals or exceeds a given threshold (burst intensity threshold, BIT in the
following) and ends when intensity drops below such value for longer than 10
minutes. By adopting a BIT equal to 0.2 mm/5min (our rainfall measurement
interval), we identified more than 7000 rainfall episodes for raingauges 1, 2 and 3
(Figure 2) in the 2014-2019 period. The same criteria were used to measure rainfall
bursts that triggered the events listed in Table 3. In the following, we compare our
data with existing rainfall thresholds for debris-flow initiation to check their validity at

Cancia, also in relation to spatial rainfall variability.

Rainfall intensity (I) — duration (D) thresholds are typically represented by a power
law equation, | = aDP, where o and B are empirically derived constants. According to
Staley et al. (2013), thresholds are based on the following two assumptions: rapid

and nonlinear increases of debris flow probability with increasing rainfall intensity at
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and above the threshold; low to null probability below the threshold. The power law
describes rainfall intensities decreasing with duration according to the constant 3.
Literature reports numerous rainfall ID thresholds for debris flow occurrence that
differentiate based on: i) the type of hydrological response of the headwater
catchment (influence of soil type and morphology); ii) the type of debris flow (runoff-
generated or landslide-induced debris-flow); iii) the methodology used to derive the
threshold. Regarding this latter issue, upper limit approaches define a threshold
based on the maximum rainfall intensity that did not cause debris flow while lower
limit approaches are based on the lowest intensities that caused a debris flow

(Staley et al., 2013).

We compared our data with selected lower limit rainfall ID thresholds derived for
debris flows occurrence in the dolomitic area (Figure 4). Bacchini and Zannoni
(2003), Berti and Simoni (2005), and Gregoretti and Dalla Fontana (2007) derived
their thresholds by visual inspection of points associated with triggering rainfalls in
the intensity-duration chart. We also compared to the upper limit threshold proposed
by Staley et al. (2013) for Southern California that was derived by an objective
function. The comparison indicates that the two very similar thresholds proposed by
Berti and Simoni (2005) and Gregoretti and Dalla Fontana (2007) are capable of
separating high-intensity rainfall episodes that triggered debris flows from the vast
majority of other intense rainfall episodes that did not cause debris flows.
Conversely, the thresholds proposed by Bacchini and Zannoni (2003) and Staley at
al. (2013) appear too conservative and would lead to the identification of tens of false

triggering rainfall events in the considered six years period alone.

All the rainfall that triggered major debris flow events (> 10000 m3) are correctly

identified by the highest thresholds and the two false negative cases visible in Figure
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4 correspond to small events that occurred in August 1999 and July 2013 (Table 3).
Conversely, the number of false positive rainfall recorded by raingauges 1, 2 and 3
(Figure 2) is relatively low when compared to the total number of recorded rainfall
events (Table 4). Such result, obtained with a simple two-parameter description of
rainfall event, suggests that antecedent rainfall might play a minor role in a basin

dominated by carbonatic rock outcrops and coarse granular debris.

In order to test the influence of rainfall burst definition on the analysis, we calculated
rainfall ID parameters for increasing values of the intensities required to commence
and end the burst (BIT) and verified the result against the rainfall ID threshold
proposed by Gregoretti and Dalla Fontana (2007). Numerical results are reported in
Table 4. When increasing the burst intensity threshold by a factor of two (0.2 to 0.4
and to 0.8 mm/5min), we find a marginal improvement in the true positive rate (11/13
to 12/13) that is counterbalanced by higher false positive rates caused both by the
increase of false positives and the decrease of identified rainfall episodes. An
objective measure of the performance associated with the ID threshold classification
may be obtained by means or a Receiving Operating Characteristic (ROC) method
(Swets, 1988). We have thus computed ROC curves by varying the empirical
parameter a while keeping the exponent constant (3=-0.55) in the ID power law
threshold. Table 4 reports the Area Under the Curve (AUC) values that provide an
aggregate measure of performance across all possible thresholds. They are all very
high (> 0.93) indicating that the rainfall ID model performs very well in separating
triggering and non-triggering rainfalls. Marginally higher AUC values, associated with
the lowest rates of false positives, are obtained for the raingauge located in the
headwater catchment, i.e., nearby the initiation area. This result suggests that, owing

to the relatively high spatial variability of intense rainfall events, it is important to
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place the raingauge as close as possible to the debris flow initiation zone. We also
used the Critical Success Index (CSI=tp/(tp+fn+fp), also knows as “threat score”) as
an aggregate measure of performance to find ideal o values. Results (Table 4)
indicate that o should range between 20 and 23.6, an interval very close to the value

of 21 derived by visual inspection by Gregoretti and Dalla Fontana (2007).

Despite the overall satisfactory performance of the rainfall ID threshold at Cancia,
our analysis demonstrates that there is no perfect separation between triggering and
non-triggering rainfall in the ID space. The main factors likely contributing to this

observation are reviewed in the discussion section.

Monitored debris flow events: July 23 and August 4", 2015

During the summer of 2015, two debris flows occurred at Cancia with an interval of
just 12 days. The two events were triggered by similar short and intense rainfall
events. When calculated with the criteria described above, durations and intensities
were 130 min and 20.49 mm/hr for the first event and 110 min and 24.22 mm/hr for
the second event. Figure 5 shows the cumulative rainfalls measured by the
raingauges operating in the Cancia basin (Figure 2). Differences are striking, with
notably higher intensities measured by the instrument positioned in the headwater
portion of the basin at higher elevation. Also, the timing of measurements shows that
the rainstorm cells locally travelled from Northeast to Southwest. On July 23,
raingauges 2 and 3 started their measurements five minutes after raingauge 1. On
August 4", the delay is more evident with a lag time of approximately 20 min. The
maximum 5 min rainfall intensities measured for the two events are 106 mm/h (rain
gauge 2) and 110 mm/h (rain gauge 1) respectively. It is also worth noting that

raingauge 4 measured no rainfall on July 23" despite its short distance (3.4 km) from
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raingauge 1. Conversely, the rainfall that occurred on August 4™ impacted a wider
area includingthe entire Mount Antelao massif as demonstrated by two more debris-
flow occurences at San Vito di Cadore (Ru Secco creek, Gregoretti et al., 2018) and
Vodo di Cadore (Rio Rudan creek). Other debris flows were also registered in the

Ansiei valley, about 20 km Northeast of Cancia.

On July 23, the lag time between rainfall onset and debris flow occurrence (Figure
5), as recorded by the camera in the initiation area, was 20 min. Images (Figure 6)
show the arrival of fast flowing debris along the channel at the monitoring station.
The pressure sensor PS02 buried in the channel bed measured the increase of the
basal pore fluid pressure up to 23.6 kPa 25 s after the arrival of the first debris flow
front. The pressure then decreased, until the sensor was swept away by the third
surge that travelled down the channel just 38 seconds after the flow front. PS02
started measuring positive values of fluid pressure about 10 s before the arrival of
the debris flow front (Figure 7). This trend indicates that no surface nor saturated

sub-surface water flow was present prior to the arrival of the first surge.

Our images do not allow a precise measurement of velocity and flow depth.
However, in the case of the propagation of easily distinguishable features such as
debris flow fronts containing coarse particles, some velocity estimates were made
based on frame by frame patrticle tracking and the knowledge of the geometry of the
framed area (Figure 7). Flow height was similarly estimated based on the geometry
of the channel bed and banks. Data are referred to the pre-event channel
topography and uncertainties are mainly associated with the actual shape of the
cross-section contributing to the flow during the event. Assuming, as a first
approximation, a horizontal cross-section profile, we found that the maximum errors

for the flow velocities and flow depths reported in Figure 7 are about 0.4 m/s and 0.6
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m, respectively. The comparison between basal pore fluid pressure and flow depths
indicates that pressure maintained well below the theoretical hydrostatic values.
During the passage of the first surge, pressure steadily increased and peaked at
23.6 kPa during the transit of a second higher surge, for flow depths around 3 - 3.5
m. Subsequently, pore fluid pressure followed a trend similar to the flow depth before

the sensorwas torn by the third surge.

The initial debris flow front propagated at 1.8 m/s, while the second surge travelled at
3+3.5 m/s, similarly to the surges that followed. After the first three surges, the time-
lapse video shows that sediment concentration dropped significantly, while the flow
became gradually more irregular, resembling a hyperconcentrated streamflow
(Pierson and Costa, 1987) with occasional hint of surging behavior. Flow discharge

remained sustained for 20 to 25 min before reducing to normal streamflow.

On August 4", a time lag of 27 min separates the rainfall onset from the arrival of the
sediment-fluid mixture in the initiation area. This longer time lag, as compared to the
July event, is associated with a more gradual increase of rainfall intensity (Figure 5).
Also in this case, camera recordings show the sudden arrival of the flow front rather
than the gradual increase of the runoff discharge. Basal pore fluid pressure data are
not available because the pressure sensor was not yet replaced. The time-lapse
images collected by the camera suggest quite immature flow conditions. The
sediment-fluid flow was highly fluctuating, suggesting hyperconcentrated flow
conditions (i.e., turbulent sediment-laden water flow). Coarse particles segregation is
less recognizable at the front of incoming surges and estimated flow depth never
exceeded 2 m. The flow lasted about 25 min and progressively diminishing runoff
was observed afterwards. The August 4" event occurred at dusk and the fast flow is

blurred inour images, due to increased exposure times. We are not including images
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as figures, but the reader can watch time-lapse videos of both events in the

supplementary material.

In order to gain better insight in the different behavior of the two debris flow events
described so far, we used the event-based distributed hydrological model delineated
in the methodological section to simulate the runoff delivered by the west sub-basin
of Cancia. The computed runoff hydrographs are shown in Figure 8 together with the
rainfall depth measured by the raingauges 1 and 2 (Figure 2). The hydrographs refer

to the channel section where the monitoring station is located.

The timing of the computed peak discharge fits very well with the arrival of the flow
recorded at the monitoring station. This type of response has been documented also
by Rengers et al. (2016) in steep catchments after wildfires and by Capra et al.
(2018) for lahars. Figure 8 shows that simulated hydrographs are similar in terms of
peak discharge. The overall shape is also similar but the longer duration of the
August 4th event produced a higher total water runoff (about 23%). Time-lapse
videos also document the longer duration (about 5 min) of the second event. This
can be explained by the different rainfall distributions: on July 23rd the long tail
probably does not contribute to runoff and the corresponding small rainfall depths
entirely infiltrate. Indeed, because of the high abstraction observed in headwater
basins like Cancia (Gregoretti et al., 2016), a few millimeters difference in the tail of

excess rainfall can sensibly influence the runoff volume.

Erosional-Depositional dynamics
Repeated topographic surveys of the debris flow channel allow the analysis of the
morphological changes produced by the two successive events that occurred during

2015. Pre- and post-event channel topographies, in particular, were described by 1
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m DEMs (Table 1) whose subtraction allowed us to obtain elevation-change models
(Figure 9). These models give information about erosion and deposition patterns
resulting from an entire event: debris flow front, successive surges and falling limb of
the flow hydrograph. Results may be locally conservative for erosion and deposition
because localized stream erosion or deposition may occur during the falling limb of

the flow hydrograph (Berger et al., 2011).

Overall, there is a reasonable agreement between total eroded and deposited
volumes between the monitoring station and the lower retention basin, for the two
events (Table 5). On July 23", an excess 4400 m? of material was deposited while,
on August 4™, the deposition exceeded erosion of only 900 m?3. Differences between
deposition and erosion volumes reflect the incoming volume of sediment at the
monitoring station with a higher volume likely characterizing the first event due to
more mature flow conditions and higher sediment concentrations (Figure 6).
However, since our observations do not include the portion of the headwater above
the monitoring station (1675 m a.s.l.) we cannot exclude the influence of other
possible triggering factors (e.g., rockfalls, dam break). At the same time, we
recognize that excavation works carried out in between the two events cause the
under-estimation of deposited material for the first event and over-estimation of
eroded material for the second. Such inaccuracies are confined to the upper
sediment retention basins and we estimate them in the order of 1000 m3, less than
10% of the total deposited volume. The ranges of uncertainty reported in Table 5
derive from the accuracies of the DEMs used to calculate elevation-change models.
They represent upper numerical limits since the actual uncertainties are likely

smaller owing to the typically random distribution of DEMs’ inaccuracies.
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Elevation-change maps (Figure 9) show that erosion is not evenly distributed along
the channel. It clearly dominates from the initiation area to the upper retention basin
(1340 m a.s.l.) where the average channel slope is 26.4° (+3.6°). The first event
deposited about 6000 m? of material in the upper retention basin while the second
deposited only 2000 m? because the basin was largely filled up. Further downslope
(1350 to 1050 m a.s.l.), the gully incision is less pronounced compared to
surrounding topography and slope progressively decreases from about 20 to 12°
(mean value = 15.9°+4.6°). Elevation-change models of the two events show
scattered patches of alternating erosion and deposition. Overall, we observe
substantial equilibrium along this reach. For both events, erosion-change models
map a large deposit in the gentle final reach of the channel preceding the lower

retention basin.

The comparison of overlapping sections in the channel (Figure 10) helps to illustrate
the local significance of erosional-depositional dynamics. In the upper reach (section
A), erosion deepens the channel bed with maximum depth values of about 7 m for
both events. Side erosion and induced failures along the gully flanks also
significantly contribute to supply sediment to the debris flow. The erosive character
of the flow is consistent along the channel down to the upper retention basin,
occasional outcropping bedrock acts as a threshold for erosion. Further downstream,
sediment accumulation and depletion occur alternately for the two successive events
(section C). Whenever deposition becomes dominant, the channel rapidly fills up

with sediment (section D) producing potential flow avulsion.

In order to analyze how erosion-deposition dynamics evolved along the channel, we
integrated the information contained in our elevation-change models over successive

20 m-long sections of the debris flow channel. Results are expressed as net volume
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change (m?3) for each section or as specific volume change (SVC, m3/m). The latter is
comparable with channel yield rate, originally introduced by Hungr et al. (1984) and
later used by other authors (Bovis and Jakob, 1999; Marchi and D’Agostino, 2004;
Breien et al., 2008) to describe the volume increase that a debris flow commonly
experience along its downslope path. By using the specific volume change, we also
include information about the deposition rate that is a measure of how much material
was left behind by the debris flow along the channel whenever the slope gradient or

the confinement diminish.

The specific volume change (Figure 11a) describes the clear erosive nature of the
flow in the upper part of the channel. This was observed for both events with highest
values (about 50 m3/m) occurring where the channel gradient exceeds 25°. Scouring
was almost regularly distributed along the upper channel reach for both events,
before sudden deposition took place at the upper sediment retention basin (Figure
11b). Further downstream, erosion and deposition alternated cyclically along
reaches of length 150-250 m, with maximum values of about 40 m3/m for both
erosion and deposition. In this portion of the debris flow channel, most of the
sediment deposited by the July event was entrained by the August event. In turn,
most of the sediment deposited by the August event was deposited where erosion by
the previous event was more severe. About 8000 m?3 of sediment were deposited by
both events in the terminal reach of the channel and in the lower sediment retention

basin.

The net change in volume that occurred from the initiation area, where our
observations begin, allowed the calculation of cumulative volume of sediment
transfer caused by the debris flow along its path (cumulative flow volume, in the

following). Given that we have no measurement about the amount of water and
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sediment entering the initiation area, we imposed an equilibrium between erosion
and deposition in the final deposition area and backward added net volume changes.
Inspection of the observed cumulative flow volumes (Figure 11b) of the two events
reveals the non-perfect equilibrium between total entrained volume along the path
and total volume deposited. The comparison of the cumulative flow volume for the
two events shows that they reach similar values (13300 and 12500 m?3, respectively)
before deposition begins at the upper retention basin. Here the cumulative flow
volume of the first event halved whereas the second event deposited only 1100 m3
because the capacity of the retention basin was compromised. Further downstream,
as already mentioned, erosion and deposition alternated for the two events. Their
cumulative volume was similar (about 9000 m3) before the final deposition took

place.

Overall, the available data provide a complex erosion-deposition pattern for the two
debris flows caused by multiple influencing factors. The channel slope has probably
the most impacting role, as visualized in Figure 12 where bin-averaged (2.5° bin
size) erosion/deposition rates are plotted against channel slope of the 20m-sections
considered for the analysis. Flat areas corresponding to the sediment retention
basins together with a bedrock-incised channel reach were excluded from the
analysis. The plots describe the positive relationship between channel slope and
specific volume change. Remarkably, the specific volume change exhibits a clear
dependence from the slope angle of the channel bed (Figure 12c-d), with a positive,
seemingly linear increase at slopes higher than 15-17°. At lower slopes, both erosion
and deposition may occur determining a closer equilibrium in terms of average

specific volume changes.
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Discussion

The Cancia debris flow basin has a long history of debris flow activity. We combined
available historical information with 6 years of rainfall data to examine the separation
between triggering and non-triggering rainfall events. Given the extreme rainfall
intensities required for debris flow mobilization, the definition of rainfall parameters
influences the relative positioning of a given rainfall event with respect to an
intensity-duration triggering threshold. In general, it is preferable not to consider the
whole rainfall event but only its most intense segment (or burst) by setting a
minimum rainfall intensity value to identify the beginning and end of the burst (Coe et
al., 2008). In fact, light rain preceding or following the burst can significantly reduce
the average rainfall intensity, modifying its position in comparison to a given
triggering threshold. Based on our data, the use of a low burst intensity threshold,
close to the accuracy of a raingauge (about 0.2mm/5min.), is beneficial to triggering
rainfall identification whereas the adoption of higher values tends to increase the
number of false alarms, hindering the predictive performance of the triggering ID
threshold. Our analysis at Cancia indicates that, despite showing a good predictive
performance, the ID triggering threshold cannot perfectly separate triggering and
non-triggering rainfalls (Figure 4 and Table 4). Possible factors contributing to
generate erroneous predictions (false negatives or false positives) include physical
variables such as antecedent rainfalls (Guo et al., 2013) and debris availability (Ma
et al., 2018; Pastorello et al., 2018) not accounted for by an ID threshold. Also, the
timing of debris flow occurrence might be better suitable for truncating rainfall
duration (Bel et al., 2017; Raymond et al., 2020). Finally, single raingauge
measurements do not take into account the strong spatial variability of intense

convective rainfalls. Our data clearly show such variability: in the case of the two
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debris flow events that occurred in 2015 at Cancia, three out of four raingauges
operating in a restricted area (about 10 km?) failed to measure the precipitation that
actually triggered the events. Only the instrument located in the headwater basin, at
higher elevations, recorded rainfalls sufficient to exceed the triggering thresholds
(Figure 5). Other techniques of rainfall measurement (e.g., radar) may be more
suitable to overcome this problem (Marra et al., 2016; Destro et al., 2017). However
rainfall spatial variability strongly impacts our ability to predict the occurrence of
debris flows based on rainfall triggering thresholds, especially in case of convective

rainstorms.

The two debris flows that occurred in July and August 2015 at Cancia were initiated
along the channel by incoming discharge produced by intense rainstorms (Figure 5).
The time to peak discharge in the initiation area was similar for the two events and
ranged between 20 and 27 min, as documented by monitoring data. The
documentation of the first debris flow event includes the basal pore pressure record
at the flow front (Figure 7). During the passage of the first surges, pressures
maintained lower than hydrostatic suggesting the importance of granular interactions
in the initial stages of the flow in accordance with other available measures for
natural debris flows (Berti et al., 2000; McArdell et al., 2007; McCoy et al., 2013).
This behavior may be explained by the abundance of coarse particles that slide and

collide each other rather than being fully supported by fluid pressures.

The time-lapse videos recorded in the initiation area (supplementary material) clearly
show the surging nature of the flows. In particular, videos show well developed
granular surges with abundant coarse particles during the July event while more
immature surges, resembling a hyper-concentrated sediment-laden flow were

observed during the subsequent August event. During both events, flow
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characteristics differ among successive surges (Berger, 2011; Imaizumi et al., 2017)
and a consistent trend of decreasing sediment concentration is observed until normal

streamflow are eventually reached.

Downstream of the monitoring station, we have documented the erosion-deposition
dynamics of the two events through elevation-change maps (Figure 9). Data can be
used to analyze differences and similarities between the two events. On one side,
different flow characteristics observed in the time-lapse videos are likely caused by
the depletion of sediment along the channel bed upstream of the monitoring station,
produced by the first event. Under reduced sediment availability conditions, a solid
granular flow cannot fully develop and the sediment-fluid flow that develops is highly
turbulent, fully saturated (Imaizumi et al., 2019) and shows scarce to no coarse
particle segregation. On the opposite side, both events mobilized the majority of
sediment along the upper channel between the monitoring station and the first
sediment retention basin (about 700 m), where the slope exceeds 20°. Here, the
erosion-deposition maps indicate that the two events showed a tendency to level
their cumulative flow volume (Figure 11b). Given the triggering runoff discharge was
also not very dissimilar (Figure 8), the observations, on the whole, suggest that the
supply of readily available sediment in the upper channel did not represent a severe
limiting condition for the volume of the two debris flows, despite their close
occurrence. Erosion and entrainment are confirmed as the dominant mechanisms
contributing to debris flow bulking, as observed in other catchments (Hungr et al.,
1984). Given that they are widely distributed along the upper channel (Berger et al.,
2011; Iverson et al., 2011), local lack or abundance of sediment can compensate,
probably until the flow approaches an equilibrium concentration dependent on the

channel slope (Takahashi, 1991).
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In the upper reaches of the debris flow channel, the longitudinal bed slope appears
as the major factor driving erosion. The relationship between channel slope and
erosion rate (Figure 12) is sufficiently clear for slopes higher than 0.3 (about 16°) for
both events. Also Theule et al. (2015) analyzed the relationship between erosion and
slope but their results suggest that a proportionality holds at more moderate slopes
gradients (<0.21) whereas sediment supply limitation curbs erosion in steeper
channels. The considerable scatter shown by the slope-erosion relationships
indicates that other factors play a role and may give rise to complex interactions.
They include flow discharge (Breien et al., 2008; Schurch et al., 2011), local channel
morphology (He et al., 2018; Ma et al., 2018, Vasquez et al., 2016), erodibility of the

channel bed and pre-flow water content of bed sediment (McCoy et al., 2012).

Along the transport reach of the debris flow channel, the slope is lower (< 0.3) and
the behavior less clearly defined with erosion and deposition prevailing alternately.
Multiple factors surely contribute to determine this trend; they may include flow
discharge (Breien et al., 2008; Schurch et al., 2011), local slope and channel
geometry (Abanco and Hurlimann, 2014; Theule et al., 2015; Vasquez et al., 2016)
and degree of saturation of the bed sediment (McCoy et al., 2012). However, along
the prevailing transport reach (about 1200 m), our data (Figures 9 and 11) indicate
that sediment accumulation and erosion occur alternately for the two events. Where
the first event deposited sediment, the second eroded and entrained the loose
freshly deposited material. Where the first event entrained sediment, the second left
behind debris deposits. This peculiar and antimetric behavior indicates that sediment
availability along the channel, at slope gradients lower than 0.3, strongly influenced

the erosion-deposition dynamics at Cancia. Similar patterns were described by
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Imaizumi et al. (2019) who indicated repetitive mass movements and deposition

episodes as responsible of debris flow surges along the channel.

The volumes of sediment mobilized by the two debris flows, as estimated through
our elevation change models (Figure 9), can be used together with the hydrological
simulations (Figure 8) to quantitatively evaluate the average solid concentration
(solid to liquid volumetric ratio) of the two events. To this aim, we considered the
sediment eroded and entrained by the flow upstream of the east sub-basin
confluence (i.e., where more water was delivered to the debris flow channel by the
east sub-basin) and the water discharge concentrated in the west sub-basin, as
simulated by the distributed model. Taking into account the uncertainties related to
the porosity (0.3+0.4) and degree of saturation (0.5+0.7) of the entrained material,
we obtained concentration values ranging between 0.54 and 0.64 for the first event
and 0.49 and 0.59 for the latter event. These estimates indicate that average volume
sediment concentration are close for the two events and well in the range typically
indicated for granular debris flows (McCoy et al., 2013). In the spectrum included
between supply-limited and transport-limited conditions (Bovis and Jakob, 1999), our
data indicate that the two flows were closer to the second. However, the lower
values of concentration obtained for the second event suggest that its volume was
limited by the minor availability of sediment along the channel, due to the event that

occurred just 12 days before.

Conclusions

By combining high-resolution measurements of topographic change of the debris

flow channel with monitoring data from the initiation area, we document two events
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that occurred a few days apart in the summer of 2015 in the dolomitic catchment of

Cancia.

Intensity-duration rainfall thresholds correctly identify the triggering precipitation
events and demonstrate a good predictive performance though triggering and non-
triggering rainfall events are not perfectly separated due to the influence of other
factors. Spatial rainfall variability is well documented by our data and may hinder the
utility of rainfall thresholds depending on position and number of available raingauge

measurements.

Cancia Is a debris flow basin with abundant unconsolidated sediment. Elevation
change models show that the erosion and entrainment of sediment along the steep
upper part of the channel represent the dominant mechanism determining debris
flow progressive bulking. The erosion rate of the two events is influenced by the
slope of the channel and such dependance is well established at slopes higher than
16°. We did not find an upper slope limit to the growth of the erosion rate, which may
be interpreted as an evidence of transport-limited conditions. The integration and
comparison of the observations of the two events describe a complex picture where
liquid discharge and sediment availability interact along the channel to determine the
debris flow volume. Local conditions of reduced sediment availability may initially
produce turbulent low-concentration sediment-fluid flows. However, the flows
exhibited a tendency to approach an equilibrium concentration during propagation
that compensate for local lack or abundance of sediment. Hydrological modelling
and elevation change maps of the two events indicate that, along the erosive reach,
the second event mobilized a smaller amount of sediment (-12%) despite the higher
total liquid discharge (+26%), demonstrating a moderate but significant influence of

sediment availability on debris flow volume.
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Alternation between erosion and deposition characterizes debris flow propagation
along the channel at lower slopes. Here, the two successive events exhibited an
opposite erosion-deposition pattern that indicates how sediment availability can

influence the dynamics of the flow also along the prevailing-transport reach.
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Figure 1. Cancia study basin. a) Shaded relief map with identification of the two headwater
sub-basins. b) Schematic geological map of the west sub-basin showing instrumentation and
main morphological features of the debris flow channel. The small inset shows the slope

frequency distribution.
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Figure 2. Photographs showing the Cancia study basin and the location and numbering of
rain gauges (RG) used for this study. Inset photographs show: a) The lower sediment
retention basin closes off the debris flow channel on the fan; b) Location of the monitoring
station overlooking the debris flow initiation area; c) Debris flow channel in the upper part of
the initiation area (upstream looking) where mega-boulders become more abundant at the
expense of loose debris; d) The monitoring station includes two cameras, two pressure

sensors buried in the channel bed and a rain gauge.
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Figure 3. Grain-size distribution of channel-bed material. Results derive from combined in-
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m a.s.l.).
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Figure 6. Images captured by the time-lapse camera at the monitoring station on July 23rd.
Black lines outline the flowing debris, frame letters are used in Figure 7 for comparison with

fluid pressure measurements.
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Figure 7. Fluid pressures measured by sensor PS02 buried in the channel bed during the

transit of the debris flow front at the monitoring station on July 23rd. Data are acquired every

5 sec, the increase of fluid pressure is very rapid and reaches the peak after 35 sec shortly

before the rupture of the cable occurred during the third surge. A short pressure decrease

preludes to the rupture of the cable that occurs during the passage of a second surge. Flow

depth and velocity are estimated on the basis of image analysis of time-lapse videos. Letters

in the figure are referred to the images of Figure 6.
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DEM

Survey technique

Survey date

Median vertical

Standard deviation

error (m) of vertical errors
(m)
23/07/2015 pre-event Lidar 2011 + GPS and 2011 to 2014 December -0.044 0.255
TLS surveys!
23/07/2015 post-event aerial photo 31/07/2015 -0.082 0.475
restitution+GPS?
04/08/2015 pre-event aerial photo restitution 31/07/2015 -0.082 0.475
04/08/2015 post-event | aerial photo restitution 06/08/2015 0.054 0.636

Table 1. DEMs used for pre / post-event topography comparisons, cell size is 1 m. Median vertical errors and
standard deviation of vertical errors result from the accuracy analysis of DEMs using independent GPS-RTK
measures as ground control points. Notes: * GPS and TLS surveys executed along the channel have been used
to update the 2011 Lidar-derived topography; 2 on July 24 GPS-RTK surveys were executed in the upper and
lower sediment retention basins, results were used to locally modify the DEM obtained by aerial photo or the July

315t UAV flight.

Parameter Rocky surface Mountain pine slopes Scree
slopes
CN 90.4 61 65-70
U (m/s) 0.7 0.05 0.1
Ks (m3/s) 9 9 9
fc (cm/h) 3.5 55 10.8

Table 2. Values of the parameters used in the hydrological model. *from Bernard, 2018.
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. . max.
rainfall rainfall )
volume . . . . rainfall
date 3 raingauge duration intensity . 8
(m3) (hr) (mm/hr) intensity
(mm/hr)
27/07/1868'2 10000 N/A - - -
27/05/1957%2 25000 N/A - - -
05/11/1966%%3 25000 N/A - - -
19/07/1987%23 15000 N/A - - -
12/07/1989 N/A 4 0.50 43.20 0
02/07/19942 30000 4 1.42 17.36 64.8
07/08/1996%%3 40-50000 4 0.58 4491 141.6
16/08/19994 5000 - 7000 5 3.42 9.01 24
18/07/2009° 50000 3 1.17 20.57 74.4
26/07/2013° 9000 4 1.17 18.51 38.4
19/08/20137 5000 5 1.50 21.47 93.6
23/07/2015 28850 1 2.17 20.49 98.4
04/08/2015 22770 1 1.83 24.22 118.8
25/06/2017 <4000 1 4.58 9.91 79.2
05/07/2018 <4000 1 1.42 25.76 85.2
01/08/2018 4000 1 3.83 11.45 88.8
29/10/2018 12000 3 6.67 20.97 91.2

Table 3. Debris flow events occurred in the Cancia basin and parameters of the triggering rainfalls. For each
event, rainfall data are those provided by the available raingauge closest to the headwater basin (see Figure 2 for
location); rainfall duration/intensity are determined in accordance to the definition given in the text
(BIT=0.2mm/5min). Sources: Mantovani et al. (2002)*; Bacchini and Zannoni (2003)?; Panizza et al.

(1998)3; Tropeano et al. (1999)% Gregoretti et al. (2019)5; Degetto et al. (2015)8. Notes: ®measured over 5 min..
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BIT triggering non-triggering rainfalls - | non-triggering rainfalls - | non-triggering rainfalls —
(mm/5min) | rainfalls RG1 RG2 RG3
tp/tp+fn fp/fp+t | AUC | CSlmax( | fp/fp+t | AU | CSlmax( | fp/fp+t | AU | CSlmax(
n o) n C o) n C )
0.2 11/13 5/727 | 0.99 | 0.67 12/63 | 0.98 | 0.59 12/62 | 0.95 | 0.55
8 5 (22) 00 4 (22.4) 86 9 (21)
0.4 12/13 9/188 | 0.99 | 0.48 14/18 | 0.98 | 0.46 16/18 | 0.93 | 0.50
3 5 (22) 88 5 (21.4) 26 7 (23.6)
0.8 12/13 9/564 | 0.99 | 0.45 14/56 | 0.98 | 0.43 15/61 | 0.94 | 0.52
6 (22) 9 2 (21.4) 0 4 (22)

Table 4. Performance of debris flow rainfall triggering threshold (Gregoretti and Dalla Fontana, 2007) compared
to available debris flow data (Error! Reference source not found.) and rainfall episodes recorded in the period
2014-19 by raingauges RG1, RG2 and RG3 (see Figure 2 for location) as a function of the burst intensity
threshold (BIT). tp=true positive; fn=false negative; fp=false positive; tn=true negative; fp+tn=number of rainfall
burst episodes; AUC=area under the ROC curve; CSlmax(@)=maximum Critical Success Index and corresponding
value of the empirical constant « of the ID threshold equation (I = aD?).

area (m?) volume (m?3)
total erosion deposition erosion deposition
July 23rd 59952 29414 30538 22110 + 9890 26506 + 7950
August 4th | 59899 32470 27429 20909 + 9545 21803 + 8270

Table 5. Results of DEM subtraction for the two debris flow events. The range of uncertainty has been evaluated
following Wheaton et al. (2010).
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