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ABSTRACT

Our capability to accurately predict at the local scale the morphological changes in a mountain river affected by a
severe flood is currently limited. Given the importance of including geomorphological hazards in flood risk
evaluation, some improvements in this direction are required. In fact, on the basis of the controlling factors
typically considered in the literature, that are the unit stream power (wpk) and the confinement index (CI), a
relatively broad spectrum of width ratios (WR = ratio between channel width after a flood and channel width
before a flood) occurring in response to major floods is commonly observed in streams. We extended previous
research focused on parameters that influence the morphological response of a channel to a severe flood by
investigating the role played by the type of sediment transport process that occurs in a mountain river. In
particular, we explored whether a relationship exists between debris flood (i.e. a condition characterised by
extremely high bedload) and intense channel widening. The case study was the Cordevole River (the Dolomites,
Italy) and four of its tributaries, which were affected by the severe flooding induced by the Vaia storm in October
2018. WR was determined at the sub-reach scale, and o,k was calculated with consideration for the flood peak
discharge ascertained via hydrological modeling. Despite the significant relationships found among WR, wp and
CI, 21 sub-reaches (out of 144) of the studied stream network widened intensely reaching a WR higher than
approximately 4, often to a substantially larger extent than predicted by statistical models. Such sub-reaches
were certainly or probably affected by debris floods, leading us to infer that debris floods can induce
widening processes that are more intense than those occurring in response to water flows. Having said that,
debris floods do not automatically imply very intense widening. In addition to hydraulic and morphological
constraints, the sediment transport processes possibly taking place at a sub-reach of a mountain river should be
regarded as another driver of channel modifications during high-magnitude hydrological events.

1. Introduction

2006b; Molnar et al., 2010; Surian et al., 2016; Scorpio et al., 2018;
Scorpio et al., 2022), intermittent rivers (e.g. Harvey, 1984; Hooke and

The responses of rivers to floods have been a topic of considerable
interest for the geomorphological community over the last decades (e.g.
Baker et al., 1988; Baker, 1994). Some researchers have compared the
roles played by high-magnitude hydrological events with those of
frequent low-magnitude floods (e.g. Wolman and Miller, 1960; Gupta
and Fox, 1974; Phillips, 2002), recognising the contribution of large to
extreme events to determining the geomorphic evolution of a fluvial
system for several river types and physiographic contexts (e.g. Kale and
Hire, 2004; Hooke, 2015). The role played by severe flooding becomes
crucial in mountain and coarse-bedded rivers (e.g. Lenzi et al., 2006a,
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Mant, 2000) and bedrock or semi-alluvial channels (e.g. Baker and Kale,
1998; Jansen, 2006; Righini et al., 2017). Several researchers have
therefore focused on the channel modifications induced by such events,
documenting how river morphologies change in response to large floods
(e.g. Hauer and Habersack, 2009; Krapesch et al., 2011; Belletti et al.,
2014; Scorpio et al., 2018). These changes include widening, island
erosion and development, floodplain accretion and alterations to bed
elevation, channel position and channel pattern.

Increasing attention has also been devoted to the analyses of con-
trolling factors for the geomorphic effectiveness of the high-magnitude
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events. Such examinations initially identified hydraulic variables, such
as flow competence, stream power, unit stream power and the flow
duration above a critical threshold, as significant parameters for deter-
mining channel responses to large floods (Magilligan, 1992; Costa and
O'Connor, 1995; Magilligan et al., 1998; Cenderelli and Wohl, 2003;
Kale, 2007; Magilligan et al., 2015). However, Langhammer (2010),
Krapesch et al. (2011), Dean and Schmidt (2013), Thompson and Croke
(2013) and Buraas et al. (2014) asserted that hydraulic variables alone
cannot fully explain a river's morphological response to hydrological
events, with the authors stressing the importance of considering the
presence of human structures, bedload supply, pre-flood channel
arrangement and lateral confinement to accurately predict a channel's
response to a large flood. Applying Rinaldi et al.'s (2016) integrated
approach to investigating the geomorphic responses of rivers to extreme
events, Surian et al. (2016) demonstrated the need of simultaneously
inquiring into several controlling factors. Surian et al. (2016) concluded
that the unit stream power calculated on the basis of the pre-flood width
of a channel and its lateral confinement are the most significant factors
for explaining the degree of channel widening that occurred in six
mountain rivers of the Apennines (Italy) during a major flood in October
2011. These authors also found weaker relationships of channel
widening with the percentage of river reach length protected by artifi-
cial structures and the sediment supply area.

The aforementioned research efforts have improved our under-
standing of the responses of fluvial systems to high-magnitude floods,
but our capability to accurately predict the morphological changes in a
stream affected by a severe flood, especially at the local scale, remains
limited, as evidenced by the metrics of regression models that relate
channel widening to controlling hydraulic and morphological factors
(Surian et al., 2016; Scorpio et al., 2018). The combination of unit
stream power and the confinement index may produce a relatively broad
spectrum of channel responses (e.g. different width ratios, calculated as
the widths before and after a flood). Because of the importance of
including geomorphological hazards in flood risk evaluation (e.g. Kra-
pesch et al., 2011; Rinaldi et al., 2015; Braud et al., 2016), some im-
provements in this direction are required.

Rinaldi et al. (2016) identified hydrological and hydraulic variables,
sediment sources, channel changes, degree of human interventions and
sediment transport processes as crucial factors that should be taken into
account in studying the response of a channel to a severe flood. Among
these factors, the recognition of sediment transport processes occurring
along a stream during a high-magnitude floods is currently a minimally
considered issue in geomorphic literature. Sediment transfer in moun-
tain rivers occurs via a range of sediment transport processes, often
referred in literature as “sediment-water flow types” (e.g. Pierson et al.,
1987), classified as water flows, debris flows, hyperconcentrated flows and
debris floods (Church and Jakob, 2020; Brenna et al., 2020a). Water flow
is a fluid gravity flow that refers to the transport of particles mobilized
by the competence of flowing water acting on each individual grain
(Waananen et al., 1970; Kuhnle, 2013; Yager and Schott, 2013; Hicks
and Gomez, 2016). It includes the movement of particles in suspension
within the water column (suspended load) and in contact with the
streambed (bedload). The concentration of suspended sediment is <4 %
by volume with the fluid typified by liquid behaviour and turbulent
flow. Bedload can range from a partial entrainment of the finer particles
overpassing a static bed (bedload stage 1, according to Carling, 1988) to
the entire mobilization of the streambed material (stage 3). Debris flow is
a sediment gravity flow occurring as a mass movement (Costa, 1984,
1988; Iverson, 1997, 2003) definable as the ‘gravitational movement of
a shearing, highly-concentrated, yet relative mobile, mixture of debris
and water’ (Blikra and Nemec, 1998). Debris flows comprise a sediment
concentration that may exceed 60 % in volume, which thereby de-
termines their flow rheology definable as non-Newtonian. Hyper-
concentrated flows are fluid gravity flows highly charged with fine and/or
low-density particles mobilized in suspension (from 20 % to 60 % by
volume), definable in rheological terms as variably turbulent, plastic
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and non Bingham flows with an apparent liquid behaviour (Beverage
and Culbertson, 1964; Pierson et al., 1987; Costa, 1988; Rickenmann,
1991; Coussot and Meunier, 1996; Nemec, 2009). They occur mainly in
volcanoclastic and arid alluvial settings (e.g. Mather and Hartley, 2005;
Pierson and Major, 2014). Debris floods are ‘water-driven flood flows
with high bedload transport’ (Church and Jakob, 2020), during which a
‘streambed may be destabilised causing massive movement of sediment’
(Hungr et al., 2014) with the establishment of a slurry-like flow of
entrained sediment characterised as an incipient granular mass flow
(Manville and White, 2003), representing a severe case of stage 3 (sensu
Carling, 1988) bedload transport. Debris floods are a common phe-
nomenon in high-gradient channels with abundant coarse sediment (e.g.
mountain rivers), and their occurrence is promoted during severe floods
in response to high hydrological forcing (e.g. high water discharge in
steep and narrow channels) or downstream of tributaries that deliver
large amounts of sediment to a receiving stream via debris flows (Brenna
et al., 2021). Church and Jakob (2020) and Jakob et al. (2022) stated
that extraordinary widening often characterises channel sites affected by
a debris flood because of extensive bank erosion. Consistent with this
assertion, the preliminary results obtained by Brenna et al. (2021), who
looked into channel changes in a stream in the Dolomites (Italy) after a
severe flood, suggest that at the same unit stream power, channel sites
affected by debris floods experience channel widening that is two to
three times larger than the widening in sites where ordinary water flows
occur.

In consideration of the discussion above, the research questions
pursued in this work are as follows: (1) Is the typology of fluid gravity
flow occurring at a channel site one of the main drivers of channel re-
sponses to high-magnitude floods? More specifically, (2) is there a
relationship between debris floods and intense channel widening? To
illuminate these issues, we explored five mountain rivers in the Eastern
Italian Alps, where various sediment-water flow types can occur during
severe hydrological events. We particularly focused on channel
widening, being a dominant geomorphological process in mountain
rivers during large floods and being relatively easier to measure
compared with other channel responses (e.g. bed elevation changes).
The aim of this research was to shed light on the roles played by water
flows versus debris floods in the determination of channel widening
during high-magnitude floods in mountain rivers.

We expect that improving our capability to predict the morpholog-
ical responses of mountain streams to severe hydrological events will
lead to more accurate assessment of geomorphological hazards at the
local scale. A reliable prediction of geomorphic hazards represents a
crucial requirement for achieving an accurate definition of the risk
induced by floods in mountain rivers (Krapesch et al., 2011; Rinaldi
et al., 2015; Braud et al., 2016). A case in point is Ruiz-Villanueva et al.
(2018), who recently underscored the “need to continue documenting
and analysing channel widening after floods [...] for a better process
understanding” because “the identification of controlling factors can
contribute to the identification of critical reaches, which in turn is
crucial for the forecasting and design of sound river basin management
strategies”.

The case study selected to answer the research questions is the
Cordevole river basin (the Dolomites, Italy), which was affected in
October 2018 by a severe rainstorm named “Vaia”. Apart from exam-
ining the main stem of the Cordevole River, we considered three of its
tributaries (Pettorina, Liera and Corpassa torrents), which were affected
to different intensities by the flooding induced by Vaia and which are
characterised by a range of human interventions (e.g. bank protections)
and morphological and sedimentological channel features. To these sites
of interest, we added the Tegnas Torrent, which was analysed in detail
by Brenna et al. (2020a, 2020b, 2021) and Pellegrini et al. (2021).
Debris flows were disregarded from the quantitative analysis of channel
widening because they are sediment gravity flows with peculiar rheo-
logical features and dynamics, which preclude their direct comparison
with fluid gravity flows (i.e. water flows and debris floods). Moreover,
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although debris flows are common in steep, small tributaries, they do
not occur in this work's channel of interest, or their occurrence is
restricted to a few headwater channel reaches. Hyperconcentrated flows
were also excluded from the investigation because the majority of
mountain catchments in alpine environments primarily produce coarse
debris (e.g. Sklar et al., 2020), and the dominant transport process under
paroxysmal conditions is debris flooding (Brenna et al., 2021).

2. General setting
2.1. Study area

The Cordevole river basin is located in the Dolomites (Eastern Italian
Alps), covering an area of 857 km? with an elevation ranging from 280
to 3343 m a.s.l. and exhibiting elongation in the NNW-SSE direction
(Fig. 1). The catchment is composed mainly of dolostone, limestone,
volcanic rocks and Quaternary deposits. Woodlands cover approxi-
mately 40 % of the territory (Rigon et al., 2013). The climate is typically
alpine with cold and snowy winters and temperate summers. The mean
annual precipitation is approximately 1100 mm, with most of the
intense precipitation occurring in autumn and during summer storms
(Rigon et al., 2013).

The mean water discharge of the Cordevole River at Ponte Mas
gauging station (705 km?) is 7.7 m3s~! (ARPAV, 2019), and its hydro-
logical regime is characterised by higher discharge during the snowmelt
period (May-June), frequent floods during autumn and summer and
lower flow conditions during the coldest months (December—February).
Along the Cordevole River and its tributaries, check dams, bank pro-
tections and artificial levees are widespread. A small reservoir for power
production is found in the Cencenighe Agordino village (Ghirlo reser-
voir), and a natural lake (Alleghe Lake) is regulated for power produc-
tion (Fig. 1). Other reservoirs within the Cordevole river basin are
located in the Biois catchment (Cavia Lake) and on the Mis Torrent (Mis
Lake).

3000 m a.s.l.

I300 ma.s.l.

Stream network
—~— Study sectors
d:,) Study catchments
N Reservoir

9°E 12°E 15°E 18°E
- \

Belluno
o

Ponte Mas

‘?'\’6“6%.

Fig. 1. Location map of the Cordevole river basin, the tributaries in the studied
catchments and the studied sectors.
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Our work focused on a sector of the Cordevole River with a length of
41 km downstream from Cencenighe Agordino to its confluence with the
Piave River (Fig. 1). We also considered a left tributary (Corpassa
Torrent) and two right tributaries (Pettorina and Tegnas torrents) of the
Cordevole River and the Liera Torrent that is a tributary of the Biois
Torrent, which in turn flows into the Cordevole River near Cencenighe
Agordino (Fig. 1). These five streams were selected because they display
different morphological characteristics (e.g. an average channel width
before flooding that ranges from 5 to 80 m in the Liera Torrent and
Cordevole River) and occurrence of human structures (e.g. very low in
the Corpassa Torrent whereas high in the Pettorina Torrent; see Sup-
plementary Material). The main characteristics of the investigated
streams are presented in Table 1.

2.2. The Vaia storm

The Vaia storm, accompanied with intense and prolonged rainfall
with recurrence time of precipitation exceeding 200 years in the
mountainous area associated with exceptional wind storms, led to ca-
sualties and heavy damage in northeastern Italy, particularly in the
studied basins (Motta et al., 2018; Cavaleri et al., 2019; Davolio et al.,
20205 Forzieri et al., 2020; Giovannini et al., 2021). The precipitation
event occurred in two phases: the first was characterised by the
orographic enhancement of precipitation, lasting for two days (27-28
October 2018), and the second, which developed from October 29 to 30,
was characterised by intense convective precipitation over saturated
soils. Fig. 2a shows the cumulative rainfall during the entire event over
the whole Cordevole river basin, reflecting remarkable precipitation
gradients, with the highest cumulative rainfall (up to 716 mm) occurring
in the central region of the basin. Fig. 2b indicates the cumulative pre-
cipitation over the period 17:00 to 20:00 CET, 29 October 2018, during
which a convective band controlled the formation of peak discharges,
debris flows and debris floods.

3. Materials and methods

3.1. River network segmentation and morphological characteristics before
the flood

All the analyses conducted in this work were carried out at the spatial
scale of a channel sub-reach. First, the studied channels (which add to a
total length of 73.5 km) were partitioned into homogeneous reaches
using the methodology proposed by Brierley and Fryirs (2005) and
Rinaldi et al. (2013), which takes into account the occurrence of dis-
continuities (e.g. the confluence of tributaries) and relevant changes in

Table 1

Characteristics of the analysed streams and the number of reaches and sub-
reaches considered in the study. The average slope of the analysed channel
length and maximum and minimum slopes determined at the sub-reach scale (in
brackets) are also reported. Drainage areas were determined from a 30 m res-
olution DEM (https://asterweb.jpl.nasa.gov/gdem.asp) used for hydrological
modeling.

River Drainage Analysed Average Number Number
area channel channel slope of of sub-
(km?) length (%) reaches reaches
(km)
Cordevole 856.9 41.0 1.14 14 53
[3.46-0.10]
Corpassa 25.3 4.5 12.05 3 15
[18.17-8.25]
Pettorina 53.9 9.3 6.07 5 27
[16.39-0.91]
Tegnas 51.4 9.9 5.51 7 27
[7.35-1.99]
Liera 39.9 8.8 4.98 6 22
[21.27-0.28]
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Fig. 2. Cumulative precipitation over the Cordevole river basin (a) during the entire event and (b) during the convective phase (17:00-20:00 CET, 29 October 2018).

channel lateral confinement, width, slope and morphological pattern.
Then, as in Surian et al. (2016), Righini et al. (2017) and Scorpio et al.
(2018), the GIS-based procedure developed by Ferencevic and Ashmore
(2012) was applied to divide each reach into sub-reaches with lengths
equal to the proper minimum distance required to extract a DEM-
derived (digital elevation model) slope of satisfactory quality for the
stream power calculation (see Section 3.3). The segmentation was car-
ried out by employing a DEM with a 5 m resolution derived from 1:5000-
scale topographic map (Carta Tecnica Regionale, CTR) that has a ver-
tical accuracy typically around +0.5 m and 0.2 m resolution aerial
photographs acquired by the Veneto Region in 2015 (http://idt2.
regione.veneto.it). We defined 117 sub-reaches (Table 1) with lengths
ranging from a minimum of 180 m in the Corpassa Torrent to a
maximum of 940 m in the Cordevole River. We also covered the 27 sub-
reaches determined by Brenna et al. (2020a) along the Tegnas Torrent
and the terminal sector of its main tributary (Bordina Torrent) in the
analyses (Table 1).

Following the criteria and methodologies adopted by Surian et al.
(2016), the DEM, CTR and the aerial photographs were used to evaluate
a number of parameters characterising each sub-reach before the Vaia
event. The 2015 aerial photographs were considered representative of
the channels at the time of the Vaia flood, as remarkable hydrological
events did not occur between 2015 and October 2018. The 2015 chan-
nels, islands and floodplains were manually digitized in ArcGIS 10.5
(Fig. 3a and c). The mean channel width (referring to the active channel,
which includes low-flow channels and unvegetated or poorly vegetated
bars; islands were excluded) of each sub-reach before the Vaia event
(Wpre) was determined as the ratio between an active channel area and
its length; the slope of the sub-reach channel (S) was derived from the
DEM. Similarly, the average width of the floodplain before the flood
(Fpre) was calculated at the sub-reach scale. The sub-reach confinement
index (CI) was ascertained from the ratio between Fj,;e and Wy (Rinaldi
et al., 2013). Moreover, the percentage of sub-reach length where the
lateral mobility of the channel is potentially limited by the presence of

longitudinal artificial structures (AS) was evaluated by identifying the
artificial levees and bank protections visible from the aerial photographs
or reported in the CTR.

3.2. Analysis of channel widening

To evaluate the morphological changes induced by Vaia in the
examined rivers, the channels, islands and floodplain margins were re-
digitized from two sets of images acquired after the Vaia flood
(Fig. 3b and d). Specifically, the 0.2 m resolution aerial photographs
acquired by the Veneto Region between June and September 2019
(Fig. 3d) were used to look into the tributaries and the Cordevole River
at a sector located between Cencenighe Agordino and Agordo (Fig. 1). A
SPOT 6 satellite image with a resolution of 1.5 m (Fig. 3b) and acquired
in November 2018 was employed in the analysis of a site in the Cor-
devole River located between Agordo and its confluence with the Piave
River (Fig. 1) given that aerial photographs of this river sector were
unavailable.

The mean channel width of each sub-reach after the Vaia event
(Wpost) and the average width of the floodplain after the flood (Fpost)
were determined using polygons digitized from post-event images. The
Vaia-induced channel widening was assessed on the basis of the width
ratio (WR), calculated as the ratio between Wpos and Wpee (Krapesch
et al., 2011) for the 117 sub-reaches defined in this work. WR data were
already available for the 27 sub-reaches of the Tegnas Torrent (Brenna
et al., 2021). The GIS analysis can introduce a spectrum of errors (e.g.
Mount et al., 2003), especially on the assessment of bank erosion and the
temporal migration of channel axis that are significantly impacted by
the co-registration of images. In this work, we were interested in eval-
uating the relative changes of channel width in terms of WR. For this
reason, we restricted our analysis to errors affecting the channel width
measure that are related to image interpretation and digitization. The
error was calculated using a module of the approach of Swanson et al.
(2011) as 21?pR, where R is the image resolution and p is the mean of
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Fig. 3. Pre-flood (a, ¢) and post-flood (b, d)
aerial photographs (a, ¢, d; 0.2 m resolution)
and satellite images (b; 1.5 m resolution)
showing the morphological changes induced
by the Vaia event along two studied sectors of
the Cordevole River (a, b; sub-reaches CD8.9,
CD8.10 and CD8.11) and the Liera Torrent (c,
d; sub-reaches L3.6, L4.1 and L4.2). Panel (d)
shows a right tributary that was affected by
debris flow during the Vaia event and deliv-
ered a large amount of sediments to the Liera
main stem at sub-reach L3.6. The white ar-
rows indicate flow direction.

Jemillle.e Active channel after the flood

= === Sub-reach limit

e Reach limit

the maximum number of pixels between two repeated digitisations of
channel banks at a site of the stream network. These delineations were
exploratorily conducted at ten sites located in the Pettorina and Liera
torrents, where, with R of 0.2 m and average p of 4 m, it was reasonable
to account for an error of about +£1 m, which is mainly due to the
presence of vegetation locally covering the channel banks. As observed
by Surian et al. (2016), this error affecting channel width and, conse-
quently, the WR estimations is rather small relative to the magnitude of
width changes (see Section 4.1) and can be reasonably disregarded from
the following analysis that mainly focuses on sub-reaches characterised
by major channel changes.

3.3. Hydrological analysis

Precipitation analysis was based on data from a network of 20 rain
gauges in the study area and rainfall estimates from two C-band weather
radars covering the region. Weather radar data were corrected for a
number of error sources, including beam blocking, attenuation and wind
drift, and were merged with rain gauge-based rainfall estimations on the
ground (Zaramella et al., 2020, 2023). The precipitation estimates were
aggregated at 20 min temporal resolution and 100 m spatial resolution
to provide input to the hydrological model. Stream gauge data and flood
hydrographs at three stations managed by the Environmental Agency of
the Veneto Region and those pertaining to three hydropower production
reservoirs (Cavia, Ghirlo and Mis) are available. The stream gauge of
Ponte Mas, which drains most of the catchment area (Fig. 1), recorded
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only part of the rising limb of the hydrograph because it was damaged
during the flood just before the peak time.

Flood peak discharges for seven basins, including the reaches
explored in this work, were reconstructed through post-flood surveys by
using methods reported by Borga et al. (2019) and Amponsah et al.
(2018). For the Pettorina river basin, peak discharge was reconstructed
by surveying channel cross-sections and the energy slope of a straight
channel reach, as well as by applying the Manning-Strickler equation. In
the other three tributaries, we took advantage of the water diversion
structures and used weir equations to assess peak discharge. The un-
certainties associated with these estimates were evaluated by taking into
account the uncertainties affecting the retrieval of maximum flow depth
for the weir equations and by using the method described by Amponsah
et al. (2016) for the application of the Manning—Strickler equation and
are reported in Zaramella et al. (2020, 2023).

Flood hydrographs and ensuing flow-related variables at the sub-
reach scale in the channels selected for the analysis of channel
widening were obtained by applying the distributed Grid-based runoff
simulation (GRIS) (Zaramella et al., 2020; Brenna et al., 2021). GRIS is
based on the availability of raster information of the landscape topog-
raphy and of the soil, geology and vegetation properties. In the model,
the Probability Distributed Model approach (PDM; Moore, 2007) is
applied on a grid-by-grid way for the spatially distributed representation
of runoff generating processes, while a simple description of the
drainage system response (Da Ros and Borga, 1997) is used to represent
runoff propagation by means of a kinematic model. The PDM model
requires the specification of a number of parameters and chiefly the
estimation of the maximum storage capacity which yields the spatially
distributed soil water storage capacity. The distributed runoff propa-
gation procedure is based on the identification of drainage paths and
requires the characterization of hillslope paths and channelled paths as
well as the specification of two invariant hillslope and channel veloc-
ities, respectively. The hillslope and channelled flow paths are deter-
mined by a using drainage threshold area parameter.

The model was implemented over the study area by accounting for
uncertainty in the PDM model parameters by using the Generalized
Likelihood Uncertainty Estimation (GLUE; Beven and Binley, 2014). In
this step, relationships between the PDM model parameters and the li-
thology of the basin were exploited (Norbiato et al., 2008; Zaramella
et al., 2020, 2023) when conditioning the model parameters over the
basin upstream from Ponte Mas. The resulting ensemble of simulated
model hydrographs was able to bracket the flood observations (both
observed hydrographs and indirect estimates of flood peaks) for almost
all the study basins (Zaramella et al., 2020, 2023). In particular, model-
simulated peak discharges fell within the uncertainty range of post-flood
peak discharges in three out of the four catchments analysed for channel
widening. Only the model simulation for the Liera river basin over-
estimated peak discharge (by 14.5 %) with respect to the central value of
the post-flood estimates, thus falling immediately outside the uncer-
tainty range. In the remaining part of the work, median flood hydro-
graph model simulations are reported.

The unit stream power (Bagnold, 1977, 1980) induced by water flow
on a streambed is frequently used to predict channel responses to large
floods (e.g. Magilligan, 1992; Surian et al., 2016; Yochum et al., 2017).
The unit stream power that occurred at the peak of the Vaia flooding was
calculated at the sub-reach scale as follows:

_ ng/)eakS (1)

where p denotes the water density (1000 kg m™>), g represents the
gravity acceleration (9.81 m s’z), S is the sub-reach channel slope (m/
m) and W is the channel width (m). The peak discharge (Qpear) was
computed by applying the calibrated GRIS model at the sub-reach scale.
Given that the actual W at the peak of the Vaia event is unknown, as
indicated by Brenna et al. (2021), the unit stream power was calculated
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two times at each sub-reach using Eq. (1) considering both Wpre (0ff:
unit stream power calculated using the channel width before the event)
and Wpogt (@BR°": unit stream power calculated using the channel width
after the event) as the W.

3.4. Available data on sediment-water flows

Directly monitoring transport processes in mountain streams is often
infeasible during floods. A sound alternative is to enquire into the
morphological (e.g. shape, surface characteristics and peculiar land-
forms) and sedimentological (e.g. sorting, texture, stratification and
clasts imbrication and orientation) features of related flood deposits,
which depend chiefly on flow type at the time of deposition (Postma,
1986). Brenna et al. (2020a) developed a survey protocol for collecting
field evidence for classifying flood deposits on the basis of the type of
flow through which sediment is deposited (i.e. debris flow, hyper-
concentrated flow, debris flood and water flow; see Table S1). Brenna
et al. (2020a, 2020b) used this protocol to collect data along the Tegnas
Torrent (one of the streams also analysed in this work; Fig. 1), deter-
mining, at the sub-reach scale, the sediment-water flows triggered by
Vaia along its main stem (Fig. 4). Along the steep T1 reach of the Tegnas
Torrent, a longitudinal passage from debris flow to debris flood and
water flow occurred during the Vaia event at the first three sub-reaches,
followed by debris flows that affected two sub-reaches (i.e. T1.4 and
T1.5) and debris flood occurring at one sub-reach (i.e. T1.6). In the
downstream sector of the Tegnas main stem (i.e. reaches T2-T6), water
flow occurred in most of the sub-reaches, but debris floods were trig-
gered during the Vaia flooding at sub-reaches T2.4, T4.1, T4.2, T6.2 and
T6.3. At sub-reaches T3.1, T3.2, T7.1 and T7.2, Vaia deposits were not
preserved at the time of the survey (Brenna et al., 2020a).

Most of the Vaia deposits were removed or altered during the
emergency interventions carried out in the weeks after the flood,
thereby obliterating the original features of the sediments. Moreover,
some minor floods that occurred following the Vaia event reworked the
deposits. For these reasons, the sediment-water flows triggered by the
Vaia storm could be defined on the basis of flood deposit surveys by
Brenna et al. (2020a, 2020b) only for the Tegnas Torrent, where field
survey efforts were focused after the flood.

3.5. Analysis of controlling factors for channel widening

The controlling factors for channel widening were investigated at the
sub-reach scale using multiple-explanatory models, with WR as the
dependent variable and five independent control variables. In detail,
three geomorphic (S, CI and AS) and two hydraulic (ofi® and mgﬁ“)
variables were considered. As in Surian et al. (2016), the regressions
were run on the entire data set (i.e. the 117 sub-reaches defined in this
work and the 27 sub-reaches of the Tegnas Torrent) and two sub-sets
created from the division of the sample on the basis of channel slope
(i.e. S > 4 % = steep channels, S < 4 % = non-steep channels). To further
explore the relationships found through this procedure, single-
explanatory regression models were estimated to determine the associ-
ation between WR and the significant controlling factors identified via
the multiple regressions. Statgraphics Centurion XVIII (https://www.st
atgraphics.com/how-to-guides) was used for the statistical analysis.

The data were analysed to pinpoint sub-reaches characterised by
major channel changes. We specifically regarded intensely widened sub-
reaches as those characterised by remarkably high WR values, that is,
sub-reaches where the observed WR exceeded the 85th percentile of the
distribution of the WR values. This threshold was arbitrarily selected but
enabled us to identify the sub-reaches where widening was intense. Our
aim was to investigate the existence of relationships between such
intense widening and the local occurrence of debris flood instead of
ordinary water flow that mobilized the bed material in a channel sub-
reach. For the Tegnas Torrent, the occurrence of debris floods during
the Vaia storm was determined from the field-based classification of
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Fig. 4. Sediment-water flows occurring during the Vaia flooding along the Tegnas Torrent [modified from Brenna et al., 2020a]. Details about the transport
processes and their relationships with hydraulic forcing and channel dynamics are available in Brenna et al. (2021).

transport processes performed by Brenna et al. (2020a) (Fig. 4). On the
contrary, no field data and deposit interpretations were available for the
Cordevole, Pettorina, Corpassa and Liera streams. For the sub-reaches of
these four streams characterised by intense channel widening (i.e. sub-
reaches where the WR exceeded the 85th percentile of the distribution
of the WR values), the possible occurrence of debris flood instead of
water flow during the high-magnitude Vaia flooding was inferred from
the presence of the conditions necessary for debris flood occurrence as
formulated by Brenna et al. (2021) from the analysis performed in the
Tegnas Torrent, which are:

(1) High hydraulic forcing, with oBi¢ exceeding about 5000 Wm ™%
This condition is necessary—although alone not sufficient—for
the occurrence of debris flood type 1 (debris flood triggered by
the exceedance of a critical stress acting on a streambed given a
severe flood).

(2) Debris flow tributaries delivering a large amount of sediment into
a receiving stream during the event: This condition is necessar-
y—although alone not sufficient—for the occurrence of debris
flood type 2 (debris flood generated by the progressive dilution of
a debris flow by sedimentation or the injection of water). This
condition was evaluated by observing the configuration of trib-
utaries before and after the flood on the available sets of images
(i.e. 2015 and 2018 or 2019 images) and their connection with
the main stem of a stream (Fig. 3c and d), as well as through some
field observations of the tributaries of the Liera Torrent (Macchi
et al., 2022).

For each intensely widened sub-reach of the Cordevole, Pettorina,
Corpassa and Liera streams, we evaluated the presence or absence of the
aforementioned conditions necessary for debris flood occurrence. In
their absence, the sediment-water flow locally triggered during the Vaia
storm was interpreted as water flow. On the contrary, at intensely
widened sub-reaches where wBi° exceeded about 5000 Wm 2 (condition
1) and/or debris flow tributaries delivered a large amount of sediment to
a receiving stream (condition 2), we inferred that debris floods could

reasonably have locally occurred during the Vaia flooding.

4. Results
4.1. Channel widening

Widening occurred in most of the studied channels (Table 2 and
Fig. 5). The largest Wy was found in the Cordevole River, whose WR
never exceeded 2.45 (sub-reach CD3.5). The largest widening in abso-
lute terms occurred at sub-reach CD8.7 along the Cordevole River and
was equal to 90.3 m. The Tegnas and Corpassa torrents had similar W,
but remarkably greater widening occurred in the Tegnas Torrent
(maximum widening in absolute terms of 37.2 m at sub-reach T4.3). By
contrast, the channel width of the Corpassa Torrent did not change
during the Vaia event, except for sub-reach CP2.3, which was charac-
terised by widening in absolute terms of 8.0 m and a WR = 1.84. The two
streams with low W, underwent the greatest widening in terms of WR
(Table 2), with maximum widening in absolute terms of 45.6 and 42.6 m
for Liera (sub-reach L5.2) and Pettorina (sub-reach P3.3), respectively.
An inverse relationship was found between WR and Wy (Fig. 5b),
which was expected because of the spurious correlation between these
variables. Nonetheless, a broad spectrum of WRs (ranging from 1 up to
about 16) occurred in the narrower sub-reaches, whereas sub-reaches
having a Wy higher than 10 m never experienced a WR higher than
3.5 (Fig. 5b).

Table 2

Summary of average channel widths before (Wy..) and after (Wpos) the Vaia
flood and the WR determined at the sub-reach scale for the studied rivers. The
Tegnas Torrent data were obtained from Brenna et al. (2021). The maximum and
minimum values of each parameter are presented in brackets. Detailed
morphological data on each sub-reach of each river are available in Tables S2,
S3, S4, S5 and S6 of the Supplementary Material.

River Average Wy (m) Average Wpos; (m) Average WR
Cordevole 79.6 [18.1-226.6] 110.8 [33.2-308.8] 1.55 [1.07-2.45]
Corpassa 23.4 [9.5-33.2] 23.3 [13.7-30.2] 1.05 [0.84-1.84]
Pettorina 7.3 [2.8-15.8] 19.9 [7.4-47.2] 3.16 [1.25-10.27]
Tegnas 18.3 [4.3-59.0] 37.4 [9.4-77.5] 2.48 [1.21-6.10]
Liera 4.8 [2.5-12.3] 23.2 [6.3-52.7] 5.34 [1.48-15.84]
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Fig. 5. (a) WR range calculated for the sub-reaches of the studied rivers. The box ends represent the 25th and 75th percentiles, the whisker ends denote the 10th and
90th percentiles and the horizontal lines and crosses indicate the median and mean values, respectively. In (b), we see the WR magnitude against channel width
before the flood (Wp.) calculated at the sub-reach scale. The threshold of W, = 10 m, above which WR was always lower than 3.5, is represented with a dashed line.

4.2. Peak discharge and unit stream power

The estimated unit peak discharge [qpeqk = Qpeak/A (m3s~! km™?)]
obtained along all the sub-reaches was highly variable, even in catch-
ments of similar areas. This phenomenon was due to the large precipi-
tation gradients characterising the convective band occurring on
October 29 (Fig. 2b), which triggered peak flows. Table 3 presents the
results of the hydrological analysis of flood responses, including the
event-cumulative precipitation [P (mm)]; the convective phase-
cumulative precipitation [Pn, (mm)], occurring over the period
17:00 to 20:00 CET on 29 October 2018; the peak discharge [Qpeax
(mss’l)]; and the unit peak discharge [gpeak m3 ! km2)]. The
convective band elongated along the SE-NW direction affected the
Tegnas, Liera and Pettorina river basins in a specific manner. The event-
cumulative precipitation for these catchments ranged from 352 to 552
mm, with the cumulative precipitation during the convective phase
ranging from 62 to 97 mm. These three basins generated the highest unit
peak discharges, which ranged from 2.40 to 3.48 m3s! km 2. The
highest unit peak discharge was observed in the Tegnas, consistent with
the large event precipitation and the minimal permeable geology of the
basin. Interestingly, despite the abundant precipitation and small
catchment size of the Corpassa river basin, it exhibited the lowest unit
peak discharge. The permeable lithology (i.e. karstified and fractured
dolostone and limestone) of this catchment likely magnified the

Table 3

Hydrological analysis of the flood responses along the sub-reach of each river
characterised by the highest unit peak discharges. A: drainage area; P: total
event precipitation (mm); Pcon: total convective precipitation (mm); Qpeak
m3: peak discharge; and qpeak (m%s ! km™2) unit peak discharge. Detailed
and complete discharge data on each sub-reach of each river are available in
Tables S2, S3, S4, S5 and S6 of the Supplementary Material.

Catchment Sub-reach A P Peony Qpeak Qpeak

(km?) (mm) (mm) (M%) (m% 'km?)
Pettorina P3.4 44.6 352 69 107 2.40
Liera L6.2 39.9 405 62 109 2.74
Corpassa CP2.1 24.8 460 42 30 1.20
Tegnas T4.4 41.3 552 97 144 3.48
Cordevole CD5.3 610.7 395 48 1247 2.04

infiltration losses in the basin.

The unit stream power of each sub-reach before and after the
flood—apf¢ and o™ (Wm™2), respectively—were computed using the
relationship expressed in Eq. (1). As reflected by the generalized channel

widening (Fig. 5a), the Bi¢ values were always considerably higher than

the wB™ values, except in the Corpassa Torrent where widening was
extremely low (Fig. 6). The highest oy values calculated on the basis of
Wpre were those obtained for the Liera and Pettorina torrents, interme-
diate values were derived for the Tegnas and Cordevole rivers and a o
commonly lower than approximately 1800 Wm ™2 was calculated for the

Corpassa Torrent. The wB™ values were similarly distributed, except in

the Pettorina Torrent, which experienced a substantially higher ™
compared with that of the Liera Torrent given its relatively lower

widening (Figs. 5a and 6).

4.3. Analyses of controlling factors and roles of flow types in channel
widening

In the multiple regression analyses conducted to identify the most
significant controlling factors for channel widening, WR served as the
dependent variable, and S, CI, AS, oBi¢ and wBf™ as the control variables.
We determined three regression equations [Egs. (2), (3) and (4)], each of
which including only one of the variables related to stream power (S,
opi¢ and mgﬁ“), to analyse the entire data set (144 sub-reaches), the steep
channel sub-set (63 sub-reaches) and the non-steep channel sub-set (81
sub-reaches) (Table 4). All the regression models were significant (p <
0.001) and characterised by moderate performance metrics, but the best
model for the three data sets was the one that incorporated off’ as a
control variable (i.e. model 3 in Table 4). A backward stepwise regres-
sion procedure applied to model 3 enabled us to formulate the following
equations intended to describe WR as a function of the significant con-
trol variables for the three data sets:

WR = 1.09 +0.066 CI +0.00012 o™ (2)
WR = 1.1940.078 CI 4 0.00010 wy ™ 3
WR = 1.15+40.045 CI 4 0.00014 @y 4

Egs. (2), (3) and (4) refer to the entire data set, the steep channel sub-
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Table 4
Multiple-explanatory models of regression between WR and the control vari-
ables. The models with the best statistical performance are presented in bold
typeface.

Model 1 Model 2 Model 3
Entire data set R?=0.37 R?=0.37 R® = 0.44
p-value p-value p-value <
<0.001 <0.001 0.001
Std. Err. = Std. Err. = Std. Err. =
1.73 1.73 1.64
p-value p-value p-value
CI < 0.001 < 0.001 < 0.001
AS 0.0072 0.0729 0.1376
S 0.5265 - -
ol - 0.4463 -
ofie - - < 0.001
Steep channels R? = 0.41 R? = 0.41 R%2=0.45
p-value p-value p-value <
<0.001 <0.001 0.001
Std. Err. = Std. Err. = Std. Err. =
2.20 2.20 2.13
p-value p-value p-value
CI < 0.001 < 0.001 < 0.001
AS 0.5718 0.1938 0.2624
S 0.1016 - -
ol - 0.1572 -
ol - - < 0.001
Nonsteep R% =0.41 R%=0.30 RZ2=0.44
channels p-value p-value p-value <
<0.001 <0.001 0.001
Std. Err. = Std. Err. = Std. Err. =
1.05 1.14 1.05
p-value p-value p-value
CI < 0.001 < 0.001 < 0.001
AS 0.1537 0.0263 0.1539
S < 0.001 - _
of¥t - 0.5753 -
ofie - - < 0.001

set and the non-steep channel sub-set, respectively. AS was consistently
excluded from the models (p > 0.05), and CI and wBf¢ significantly
defined the WR of both steep and non-steep sub-reaches (p < 0.05). The
R? values of the three models were almost identical, while the standard
error obtained for the steep channel sub-set was higher than that of the
non-steep channel sub-set (Table 4). Five steep sub-reaches of the Liera
Torrent (L3.1, L3.2, L4.1, L4.4, L5.2), one steep sub-reach of the Tegnas

(BO1.1) and one non-steep sub-reach of the Pettorina Torrent (P3.3)
were characterised by anomalous positive residuals (residual >2) be-
tween the WR predicted by the regression models and the observed WR.

The two most important controlling factors (CI and wfi’) were used to
develop single-explanatory regression models for the examination of the
entire data set and two sub-sets (Fig. 7). The best regression models
among the 27 tested ones were automatically selected by the statistical
software employed in this work on the basis of statistical metrics (i.e. R?,
standard error and correlation coefficient). WR was clearly related to CI
in both steep (R = 0.54; Fig. 7c) and non-steep (R?> = 0.42; Fig. 7e)
channels and to o, but the latter association was stronger in steep
channels (R? = 0.63; Fig. 7d) than in non-steep channels ®R? = 0.29;
Fig. 7f).

Because the regression models for all the data sets considered in the
analyses showed significant relationships among WR, CI and b
(Table 4 and Fig. 7), the following investigations exclusively focused on
the entire data set centred on the distribution of WR. The 85th percentile
of WR distribution was 3.96 and covered 123 sub-reaches out of the total
144 (Fig. 7a and b). The remaining 21 sub-reaches have WR in the range
between 4.10 and 15.84 and pointed to channel locations where intense
widening occurred during the flood. These sub-reaches are located in the
Liera (12 sub-reaches), Pettorina (six sub-reaches) and Tegnas (three
sub-reaches) torrents (Table 5). All intensely widened sub-reaches were
characterised by low lateral confinement (CI > 8.2; Fig. 7a). No such
widening took place in the sub-reaches of the Cordevole River and
Corpassa Torrent.

The results of Brenna et al. (2020a) (Fig. 4) showed that at the three
sub-reaches of the Tegnas Torrent that were characterised by major
channel widening (T4.1, T6.2 and BO1.1), debris flood was the flow type
triggered during the Vaia event. No direct observations or flood deposit
features attesting to the sediment-water flow types occurring during the
event were available for the Liera and Pettorina torrents. Restoration
work carried out in the weeks after the October 2018 flood (sediment
removal and the reshaping of channel cross-sections) obliterated evi-
dence that could have permitted the recognition of the water—sediment
transport processes occurring in these channels. For this reason, we
focused on the 18 sub-reaches of the two aforementioned torrents,
where intense widening transpired, to evaluate the local presence or
absence of the conditions necessary for the occurrence of a debris flood
(u)gf(e > 5000 Wm 2 —condition 1— and/or debris flow tributaries
delivering a large amount of sediment to a receiving stream —condition
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Fig. 7. Single-explanatory models of regression between WR and the controlling factors (CI: confinement index; ®Bi: unit stream power calculated using channel
width before the event) for the entire data set (a and b), steep sub-reaches (¢ and d) and non-steep sub-reaches (e and f). Regressions are represented by the dotted
lines. In plots (a) and (b), sub-reaches of the Tegnas Torrent are distinguished on the basis of the sediment-water flow types occurring during the Vaia event (WF:

water flow; DFD: debris flood), as reported by Brenna et al. (2020a).

2—; Brenna et al., 2021) during a high-magnitude hydrological event
such as the Vaia flooding. The Bf¢ estimated for the 18 sub-reaches was
always high, ranging from 4480 Wm ™2 at P3.5 to 20,402 Wm 2 at P2.3
(Table 5 and Fig. 7b). Sediment input from debris flow tributaries
flowing into the main stem at a sub-reach where intense widening
occurred or from debris flow tributaries flowing immediately upstream
(i.e. up to a few tens of meters from the upstream limit of the sub-reach)
was recognized at six sub-reaches of the Liera Torrent and four sub-
reaches of the Pettorina Torrent (Table 5). Conditions 1 or 2 required
for the occurrence of a debris flood (see Section 3.5) were present in all

10

intensely widened sub-reaches, with concurrent occurrence of both
conditions 1 and 2 in ten out of the 18 intensely widened sub-reaches
(Table 5). On the basis of these results, we inferred that debris floods
could reasonably have occurred during the Vaia flooding at these 18
channel sites.
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Sub-reaches affected by intense widening during the Vaia flooding and their main morphological (slope), hydraulic (@Bi:
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PiS: unit stream power calculated using the

channel width before the event) and sedimentary characteristics (presence of debris flow tributaries delivering a large amount of sediment to a receiving stream). For
each sub-reach, the WR expected on the basis of the best regression models derived for steep [Eq. (3)] and non-steep [Eq. (4)] channels, the WR actually occurring
during the flood (observed WR) and relative differences between these two (A Expected — Observed, in %) are reported as well. *: sub-reach of the Tegnas Torrent, for
which the occurrence of debris flood during the Vaia event was determined by Brenna et al. (2020a); *: sub-reaches characterised by anomalous positive residuals
(residual >2) between the WR predicted by the regression models in Table 4 and the observed WR.

River Sub-reach Slope (%) 0B (Wm™?) Debris flow input Expected WR Observed WR A Expected - Observed (%)
Tegnas T4.1* 2.63 4872 Yes 3.22 4.10 + 27
T6.2* 4.90 10,625 No 3.86 5.69 + 47
BO1.1** 6.30 8148 No 2.86 6.10 + 113
Liera L3.1" 5.45 9972 Yes 6.87 15.84 + 131
L3.2 4.03 7048 No 10.50 12.95 + 23
L3.3 6.80 11,308 No 4.16 4.21 +1
L4.1" 6.44 12,802 Yes 5.17 9.85 + 90
14.2 6.26 10,623 No 3.82 6.06 + 59
L4.3" 4.30 5293 Yes 2.93 5.34 + 82
L4.4" 3.81 5279 Yes 2.77 5.10 + 85
L4.5 6.12 10,945 Yes 3.18 5.29 + 66
L5.1 6.13 11,674 No 4.16 4.56 + 10
L5.2" 5.52 9225 Yes 4.74 8.75 + 85
L5.3 4.01 4939 No 4.10 6.50 + 59
16.2 6.35 14,371 No 3.44 5.64 + 64
Pettorina P2.3 9.45 20,402 Yes 4.37 4.77 +9
P3.3" 3.59 7086 Yes 3.18 10.27 + 223
P3.4 2.78 4512 Yes 2.92 4.97 + 70
P3.5 2.48 4480 Yes 3.58 4.32 +21
P3.6 2.48 4822 No 3.37 5.29 + 57
P4.5 3.62 5676 No 2.38 4.31 + 81

5. Discussion
5.1. Channel widening in the rivers of the Cordevole river basin

During the Vaia event, comparable average channel responses took
place along the Tegnas, Pettorina and Liera torrents, which exhibited a
mean WR ranging from 2.5 to 5.3 (Fig. 5a). Lower average widening
occurred along the Cordevole River (WR = 1.6). Its average channel
width before the flood was considerably higher than the Wy of the
other analysed streams (Table 2): 52 sub-reaches out of 53 in the Cor-
devole River had a Wpe > 20 m and registered a maximum WR that
never exceeded 2.5 (Fig. 5b). In accordance with the findings of previous
studies (e.g. Righini et al., 2017; Ruiz-Villanueva et al., 2018), the
current results indicate that, with respect to WR, low widening is typi-
cally associated with a high initial channel width. Similarly limited
widening occurred at six Tegnas Torrent sub-reaches, which had a Wiye
> 20 m (Fig. 5b and Table S2). An initial channel width of about 20 to
30 m could serve as an approximate threshold for widening that likely
does not exceed a WR of 2 to 2.5 also in response to high-magnitude
hydrological forcing. Such relatively low WR values are related to the
lower unit stream power generated by water discharge flowing into a
wide river channel compared with that flowing into a narrow section
[see Eq. (1)].

Even lower widening occurred along the Corpassa Torrent (average
WR = 1.1), where eight sub-reaches experienced no widening during the
flood, and the remaining seven had a WR never exceeding 1.8 (Fig. 5).
Similar to what was observed for the majority of the Cordevole River
sub-reaches and some of the Tegnas Torrent sub-reaches, such a limited
response to the flood can be partially ascribed to the high Wy of the
Corpassa Torrent (with only four out of 15 sub-reaches having an initial
width < 20 m; Tables 2 and S5 and Fig. 5b). This limited morphological
response seemed to have been determined also by the low hydrological
forcing that occurred in the Corpassa catchment during the event. The
max Qpeak Was equal to 1.20 m3s~! km2—a value remarkably lower
than the max qpeax estimated for the other catchments examined in this
study (Table 3). Such a value is low compared with the unit peak dis-
charges commonly associated with high-intensity European and Medi-
terranean floods (Amponsah et al., 2018), and it drove the wpk to vary
from 400 to 2000 Wm 2 along the channel (Table S5).
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Taking into account the peculiarities characterising each catchment
discussed above, our results confirmed that CI and o} are significant
morphological and hydraulic factors for explaining channel widening in
response to high-magnitude floods in terms of WR (Table 4), in accor-
dance with the findings of Surian et al. (2016) and Scorpio et al. (2018).
The statistical metrics (i.e. p-value, standard error and R?) of the best
models derived with regard to the association among WR, CI and off’
through simple and multiple regressions (Table 4, Fig. 7) are comparable

with those obtained in the aforementioned studies.
5.2. Intense channel widening and fluid gravity flows

The regression models devised in this study to explore the relation-
ships between channel widening and morphological and hydraulic
constraints were satisfactory from a statistical point of view. Neverthe-
less, the use of the controlling factors (CI and wBi) generated a broad
spectrum of WR values along the studied stream network, particularly
under high hydraulic forcing and low channel confinement (Fig. 7). We
specifically focused on channel sites where intense widening occurred,
defined as sub-reaches where the observed WR was higher the 85th
percentile of the distribution of the WR values, that is, sub-reaches
having a WR higher than 3.96.

Intense channel widening was found along the main stems of the
Tegnas, Liera and Pettorina torrents at 3, 12 and 6 sub-reaches,
respectively (Fig. 7). At the three sub-reaches of the Tegnas Torrent,
debris flood was the flow type triggered during the Vaia event (Fig. 4).
The 18 intensely widened sub-reaches of the Liera and Pettorina torrents
were characterised by a oBf¢ that was always >4480 Wm 2 (Table 5)—a
value very close to the threshold of 5000 Wm 2 identified as necessary
for debris flood type 1 (Church and Jakob, 2020) to occur in the Tegnas
Torrent (Brenna et al., 2021). They were also typified by the presence of
numerous debris-flow tributaries delivering substantial volumes of
sediment into them (Table 5), which is a condition necessary for debris
flood type 2 (Church and Jakob, 2020; Brenna et al., 2021) to take place.
High B and debris flow input occurred concurrently at six and four
intensely widened sub-reaches of the Liera and Pettorina torrents,
respectively. On the basis of these characteristics, it is highly likely that
during the Vaia event, debris flood was the flow type responsible for
sediment mobilization at these Liera and Pettorina sub-reaches instead
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of ordinary water flow. This inference cannot be confirmed by field
evidences but it was considered robust since it takes into account for the
presence—or absence—of conditions 1 and 2 necessary for debris flood
occurrence (see Section 3.5) that were drawn up by Brenna et al. (2021)
for a mountain stream (the Tegnas Torrent) that belongs to the same
geographical region of the Liera and Pettorina streams (Fig. 1) and
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shares with them a number of sedimentological, geomorphological and
morphometric characteristics (Table 1). Moreover, conditions 1 and 2
were formulated by analysing the transport processes triggered by the
same hydrological event (the Vaia storm) whose effects in terms of
transport processes were analysed in the Liera and Pettorina streams.
Despite the high channel slope of the Corpassa Torrent, none of its

Fig. 8. Geomorphic processes occurring at
sub-reaches of the studied network during
the Vaia event (a and b: sub-reaches T6.1
and T1.2 of the Tegnas Torrent, respectively;
¢ and d; sub-reach L3.1 of the Pettorina
Torrent before and after the flood, respec-
tively). T6.1 is an example of sub-reach
where, despite the presence of conditions
allowing for potential debris flood occur-
rence, water flow took place during the Vaia
event. T1.2 is an example of sub-reach
where, despite debris flood triggering dur-
ing the Vaia strom, the boundary conditions
locally characterising the channel precluded
the occurrence of intense widening. L3.1 is
an example of a channel site likely affected
by debris flood and experiencing intense
widening. DFW: debris flow; DFD: debris
flood; WF: water flow.

Active channel after the flood
Floodplain

e=== Sub-reach limit

== Reach limit

=\ Flow direction
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sub-reaches exhibited the conditions necessary for debris flood to take
place; this phenomenon stemmed from the relatively low convective
precipitation induced by the storm at this catchment (Table 3), which
caused moderate flooding and hydraulic forcing acting on the stream-
bed. Additionally, no tributary generated debris flows connected to the
main stem of the Corpassa Torrent.

The Cordevole River is a large mountain river with a pre-flood
channel width that is always larger than 20 m; this value extends up
to 100 to 200 m along several sub-reaches of the river's course down-
stream from Agordo (Figs. 1 and 2a and Table S6). These characteristics
render the occurrence of a debris floods along its main stem extremely
difficult, also in response to an extreme flood (i.e. a recurrence interval
higher than 100 years). It is highly probable that in the Corpassa Torrent
and Cordevole River, the transport processes activated during the Vaia
event remained in the range of water flow accompanied by bedload
transport.

All the 21 sub-reaches for which intense widening was observed were
affected by debris flood during the Vaia event (i.e. three sub-reaches of
the Tegnas Torrent; Fig. 4) or were characterised by the presence of the
conditions necessary for debris flood occurrence in response to a severe
flood (i.e. 18 sub-reaches of the Liera and Pettorina; Table 5). Accord-
ingly, we can reliably conclude that the occurrence of debris flood
instead of ordinary water flow was a primary driver of intense widening
locally affecting a channel during high-magnitude floods. Moreover, the
results of Brenna et al. (2021) highlighted that the sub-reaches of the
Tegnas Torrent affected by debris flood during the Vaia storm experi-
enced channel widening that was two to three times larger than that
exhibited by sub-reaches where water flow occurred at the same unit
stream power. From a process point of view, these findings agree with
the characteristics typifying the sediment dynamics underlying debris
floods. Church and Jakob (2020) recently clarified that a debris flood
can cause the full mobilization of an entire streambed, with grains of
almost all sizes forming the bed transported under conditions of full
mobility. During such an extreme transport condition, the streambed is
in fact exposed to live bed conditions, thereby exerting profound effects
on channel planforms, such as morphological re-arrangement and
extensive bank erosion (Church and Jakob, 2020).

Some sub-reaches characterised by the presence of conditions
necessary for debris flood occurrence did not undergo intense widening,
as defined in this work, during the Vaia event. This behaviour can be
explained by two hypotheses: first, debris flood did not occur during the
Vaia storm despite the presence of conditions conducive to its occur-
rence, and second, debris flood occurred, but some local boundary
conditions prevented the channel from widening intensely. The first
hypothesis is supported by the fact that the conditions necessary for
debris flood occurrence (i.e. @ff® > 5000 Wm 2 and/or debris flow
tributaries delivering a large amount of sediment to a receiving stream;
Brenna et al.,, 2021) do not necessarily imply that such an intense
transport phenomenon occurs, as these conducive conditions are
required but alone not sufficient for debris flood activation. A sub-reach
that can be definitively described as falling in this first hypothesis is T6.1
in the Tegnas Torrent, where the flow type activated during the Vaia
event was water flow (Fig. 4; Brenna et al., 2020a) in response to
extremely high B¢ and debris flow input from a steep tributary
(Fig. 8a); this effect is probably due to the presence of mega-boulders in
the channel that limited the overall mobility of streambed material
locally precluding debris flood to occur (Brenna et al., 2021). At T6.1,
the channel widened 3.19 times the initial width, that is —25 % with
respect to the WR of 4.24, which was expected on the basis of Eq. (3)
with a off¢ = 12,242 Wm 2 and a CI = 23.41. The other sub-reaches of
the investigated stream network where a similar situation could have
happened during the Vaia event are, for instance, P1.7 of the Pettorina
Torrent (Table S3) and L2.1 of the Liera Torrent (Table S4). The second
hypothesis implies that debris floods do not always cause intense
channel widening. At sub-reach T1.2 of the Tegnas Torrent (Fig. 8b), for
example, debris flood occurred during the Vaia event (Fig. 4), but the

13

Geomorphology 430 (2023) 108650

observed WR of 1.41 was in line with the WR of 1.73 expected on the
basis of Eq. (3) under a wBi¢ = 2919 Wm 2 and a CI = 3.21. Debris flood
did not produce intense widening at the sub-reach because of channel
confinement, the mega-boulders forming the narrow floodplain adjacent
to the channel and the dense vegetation cover that inhibited bank
erosion (e.g. Beeson and Doyle, 1995). Other conditions limiting bank
erosion and, consequently, intense channel widening in debris flood
conditions were widespread bank protections as occurred for instance at
sub-reach P3.2 of the Pettorina Torrent where AS = 82 % (Table S3) and
the high natural confinement induced by rock slopes for sub-reaches
P2.1 to P2.4 of the Pettorina Torrent (Table S3), where the stream
flows in a narrow gorge. The absence of elements that limit channel
widening by preventing bank erosion is a condition that allows intense
widening in case of debris flood occurrence. Accordingly, all the
intensely widened sub-reaches identified in this work were charac-
terised by low lateral confinement (CI > 8.17; Fig. 7b).

5.3. Implications for geomorphological hazard assessment in flood risk
evaluation

Channel widening in mountain rivers can cause dramatic in-
teractions with man-made structures, representing an important hazard
source (Stoffel et al., 2016; Surian et al., 2016; Ruiz-Villanueva et al.,
2018; Ross et al., 2019). For the 21 sub-reaches characterised by intense
channel widening during Vaia, we calculated the expected WR on the
basis of statistical models for steep and non-steep channels [Egs. (3) and
(4)], in which WR, oBf¢ and CI were determined at all the sub-reaches
investigated in this study. The comparison of the WR expected by sta-
tistical models [Egs. (3) and (4)] and WR observed in response to the
Vaia event (Table 5) revealed that at these intensely widened sub-
reaches, the WR actually occurring during the flood was in most cases
much higher than that predicted by the models. In detail, the observed
WR was, on average, 67 % higher than that expected on the basis of Egs.
(3) and (4). The difference between observed and expected WR values
reached maximum values of + 131 % at sub-reach L3.1 of the Liera
Torrent (Figs. 8c and d) where, compared with an expected WR of 6.9,
the observed WR was 15.8, and + 223 % at sub-reach P3.3 of the Pet-
torina Torrent, where a WR of 10.3 occurred compared with an expected
WR of 3.2. Moreover, six of these sub-reaches (Table 5) were charac-
terised by anomalous residuals >2 between the WR predicted by the
regression models and the WR actually transpiring during the event.

Our results demonstrate that sub-reaches where intense channel
widening arises are associated with likely occurrence of debris flood. It is
thus crucial to consider the possible occurrence of debris flood instead of
normal water flow at a channel site during a severe hydrological event
that can be reasonably determined from a local morphological and
sedimentological characterization of a river network (Brenna et al.,
2021; Jakob et al., 2022); this allows the reliable prediction of the
geomorphic response of a river to a flood. Debris flood can occur in
response to high hydrological forcing or take place downstream of
debris flow channels delivering large amounts of sediment to a receiving
stream. Such conditions may easily transpire during a high-magnitude to
extreme hydrological event (as that induced by the Vaia storm at the
Pettorina, Liera and Tegnas catchments) at sub-reaches of a mountain
river characterised by high slopes (e.g. >4 %-5 %) and narrow sections
(<10-15 m) and/or a mountain river located immediately downstream
of confluences of steep tributaries prone to debris flow occurrence.
Predicting channel widening exclusively using statistical models derived
from large data sets that do not distinguish between various transport
processes can cause a remarkable underestimation of the channel
changes occurring at some sub-reaches possibly affected by debris floods
and, therefore, an underestimation of geomorphological hazards.

6. Conclusion

Our results showed that, although statistically significant
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relationships among width ratio, pre-flood unit stream power and
channel confinement were found, under the same controlling factors (CI
and off) a relatively broad spectrum of WRs was observed along the
stream network. In particular, at sub-reaches where intense widening
occurred (Fig. 7), channel modifications were much greater than ex-
pected by the statistical models constructed in this research (Table 5).
All the 21 intensely widened sub-reaches were most likely affected by
debris flood during the severe flooding induced by Vaia, with intense
channel widening that was associated with certain occurrence of debris
floods or highly likely occurrence of debris floods 15 % and 85 % of the
times, respectively. These results led us to conclude that the various fluid
gravity flows responsible for sediment transport at a mountain river
drive various morphological channel responses to a flood. Debris flood is
a transport process that often induce channel changes that are consid-
erably more intense than those occurring in response to water flow.
However, although debris flood represents a sediment transport process
that often promotes intense widening during severe floods, it does not
always cause major channel changes and widening.

A limitation affecting our work lies in the reliable but still indirect
determination of flow types that occurred during the Vaia storm in the
Liera and Pettorina torrents. An improvement toward a better under-
standing of the control of debris floods on channel widening could be
achieved by considering larger datasets of debris floods recognized from
field evidence (that was possible in this work only for the Tegnas
Torrent), such as the characteristics of flood deposits (e.g. Brenna et al.,
2020a), or from the application of more complex holistic approaches
that are being developed to determine the likelihood of debris flooding
in mountain streams (e.g. Jakob et al., 2022).

Our findings represent a step forward in understanding geomorphic
processes in mountain rivers, with specific regard for sediment-water
flow types as controlling factors for morphological responses to high-
magnitude floods (e.g., floods with recurrence intervals higher than
50-100 years). The findings, in accordance with those of Brenna et al.
(2021) and Jakob et al. (2022), suggest that a crucial requirement is to
identify, at the local scale, the channel sites of a mountain river that are
susceptible to debris flood occurrence in response to a high-magnitude
flood because their widening can be remarkably more intense than
normally expected. These improvements of knowledge may contribute
to better management of the valley floors in mountain regions where,
with often limited space for human development, decision on locating
man-made structures can have tragic effects especially in the face of
increasing frequency of high-magnitude hydrological events (Bloschl
et al., 2020).
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