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geomorphic and sedimentological response should be considered. Comprehensive study of the hydro-geomorphic
responses is extremely valuable to increase the awareness of large floods, especially, in highly populated
mountain areas. Such type of investigation requires a solid and wide dataset, which is why only few studies had
the chance to describe the response in such a holistic way. This work comprehensively analyzed the high

magnitude/low frequency Vaia event, a severe storm that affected northeastern Italy in October 2018 and thus
the Rio Cordon study basin. The 80 h precipitation registered in the basin showed a total rainfall equal to 29.8%
of the mean annual precipitation. The temporal distribution of rainfall presented two phases, i.e., a first char-
acterized by moderate but persistent precipitation and a second more intense, exhibiting recurrence intervals
over 50 years. A combination of indirect methods permitted the reconstruction of the hydraulic forcing acted in
the Rio Cordon. Despite the implicit uncertainty, these methods clearly highlighted the high magnitude

expressed by October 2018 flood, which generated a unit peak discharge equal to 3.3 m
unit stream power of 3865 W m

3 s km~2 and a peak of

~2, i.e., the highest hydraulic forcing conditions ever observed in 34 years. In

terms of geomorphic changes, the use of pre- and post-event LiDAR data stressed out a moderate response of the
hillslopes, where the (re)activation of the sediment sources was limited. Only few of these acted as sediment
supplier to the main channel. The channel network instead, exhibited an evident response, with the Rio Cordon
severely altered by wide lateral widening, deep streambed incision and armouring removal. The hydraulic and
geomorphic forcing generated by October 2018 flood caused extensive streambed remobilization and boulder
mobility that, in turn, induced the transport of a massive sediment volume. In this sense, the match between
bedload observed and bedload predicted suggested the outstanding hydraulic forcing occurred and the quasi-
unlimited supply conditions acted during the flood. The long-lasting monitoring program maintained in the
Rio Cordon basin provided the rare opportunity to compare two high magnitude/low frequency floods and their
induced effects. The September 1994 and October 2018 events were caused by different rainfall conditions,
which resulted in different hydrological- and, especially, geomorphic- and sedimentological-responses. Partic-
ularly, the October 2018 flood induced an unprecedented alteration on the fluvial system, the effects of which

could persist over the long-term.

1. Introduction

Large and infrequent floods are hydrological events characterized by
high magnitude and low frequency occurrence, which can impact
mountain basins and their fluvial systems over large temporal and
spatial scales. In alpine environments, these flood events can be induced
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by intense summer thunderstorms (Shakti et al., 2017), prolonged
rainfalls (Brogan et al., 2019), rapid snowmelt (Friele et al., 2020), rain-
on-snow event (Pomeroy et al., 2016) and sudden water release from
glacier sources (Bohorquez and Darby, 2008). All these triggering fac-
tors converge in a main effect that is the generation of massive runoff
characterized by high water discharges and stream power peaks. An
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extensive literature found these conditions associated to flash floods, i.
e., rapid and severe floods (McEwen and Werritty, 1988; Batalla et al.,
1999; Borga et al., 2014; Marchi et al., 2016; Lucia et al., 2018), whereas
they were observed less frequently in large floods of long duration
(Cassandro et al., 2002; Sholtes et al., 2018; Bucata-Hrabia et al., 2020).
The characterization of the hydraulic forcing conditions expressed by
high magnitude/low frequency events can be challenging, with the
frequent need to rely on indirect methods as post-flood measurements,
dendrogeomorphic analysis, paleoflood estimation and hydraulic
modelling in order to reconstruct hydrographs and peak discharges
(Rico et al., 2001; Stoffel and Bollschweiler, 2008; Victoriano et al.,
2018; Wyzga et al., 2020). In this sense, a delineation of large and
infrequent events based on peak of water discharge or unit peak
discharge appears not fully defined, with values spanning over several
orders of magnitude (Marchi et al., 2016; Amponsah et al., 2018), while
aminimum threshold of 300 W m~2 was reported in terms of unit stream
power (Miller, 1990; Magilligan, 1992). However, it is worth noting that
this threshold was based on geomorphic effectiveness of floods and that
mountain basins responses are highly variable. Indeed, the geomorphic
response to a high magnitude/low frequency flood can include: (i) the
formation of rockfalls (Heckmann and Schwanghart, 2013), debris flows
(Pastorello et al., 2020) and landslides (Korup, 2005) along the hill-
slopes; (ii) bedforms alteration (Lenzi, 2001), channel narrowing
(Liébault and Piégay, 2002), chute cutting and channel migration
(Gorczyca et al., 2013), reach straightening (Bauch and Hickin, 2011),
lateral widening with floodplain erosion (Wicherski et al., 2017) or in-
crease in channel bars extent (Hajdukiewicz et al., 2016) along the
fluvial system. The investigation of these geomorphic changes is tradi-
tionally accomplished by multi-temporal geomorphological mapping,
using both field and remote sensing products, such Digital Elevation
Models (DEMs) and aerial photos (Messenzehl et al., 2014; Carrivick
etal., 2016; Vericat et al., 2017). Additionally, geomorphic variations in
mountain streams are quantified using the widely known DEM of Dif-
ference (hereinafter DoD) technique, which can be also used to infer in-
channel sediment transfer’s efficiency (Lane et al., 2003; Vericat et al.,
2014; Cucchiaro et al., 2019; Calle et al., 2020). In mountain basins, the
hydraulic forcing and geomorphic changes generated by high magni-
tude/low frequency floods can intensify the ordinary sediment transfer
processes, altering the sediment cascade from source areas to the fluvial
system (Brierley et al., 2006; Burt and Allison, 2010; Fryirs, 2013).
However, during and after a large infrequent event, the capability of a
catchment to promote or impede the sediment cascade depends on the
impact of such event on the degree of (dis)connectivity. Specifically,
highly connected catchments react transmitting a sediment pulse
throughout the system, whereas in disconnected catchments the pulse is
stopped by landform impediments (Fryirs et al., 2007). Along the fluvial
system, the sediment dynamics promoted by high magnitude/low fre-
quency floods can stretch over various time scales. Typical effects
induced at event scale are streambed remobilization (Piton and Recking,
2017), boulder mobility (Turowski et al., 2009; Gob et al., 2010), high
transport rates (D’Agostino and Lenzi, 1999; Pagano et al., 2019) and
massive transported volumes (Rickenmann, 1997; Baewert and Morche,
2014). Nonetheless, the induced effects can also act on longer time
scales, augmenting the transport rate of subsequent floods and favoring
a memory effect on the sediment dynamics (Rainato et al., 2017; Uchida
et al., 2018; Rickenmann, 2020; Korup, 2005).

High magnitude/low frequency floods caused by severe weather
events were poorly investigated and rarely analyzed from the rainfall-
runoff conditions to geomorphic and sedimentological effects. A
recent example of severe weather event was the Vaia storm, which
affected the Northeast Italy on October 27-30, 2018. This storm
generated extremely high wind gusts, storm surges and heavy precipi-
tation that caused landslides, floods, interruption of electric supply, road
traffic disruption and the worst forest loss ever documented in Italy,
consisting of about 8.5 million m® of growing stock felled over 41,000 ha
(Biolchi et al., 2019; Cavaleri et al., 2019). This work aims at defining
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the responses of an alpine basin to the Vaia storm, focusing on: (i) the
determination of rainfall and hydraulic forcing conditions, (ii) the
analysis of the geomorphic and sedimentological responses showed by
hillslopes and main channel, (iii) the comparison of these responses with
those exhibited by the alpine basin over the last three decades.

2. Material and methods
2.1. Study area

2.1.1. Study basin

The Rio Cordon basin (Fig. 1) is a mountain basin extending for 5
km? in the eastern Italian Alps (Dolomites). It is characterized by typical
alpine climatic conditions with a mean annual precipitation of 1180 mm
(1986-2018). The runoff regime can be defined as nivo-pluvial due to
the predominance of snowfalls between November-April, while short
rain showers and persistent precipitations prevail in summer and
autumn, respectively. The basin is part of the Southern Limestone Alps
with the geological substrate mainly composed by dolomites, lime-
stones, volcanic conglomerates (Wengen group) and calcareous-marly
rocks (Buchenstein group). A rugged topography can be appreciated
throughout the basin, which exhibits an average slope of 27°. Due to the
basin elevation between 1763 and 2763 m a.s.l., spruce and larch forest
covers merely 7% of catchment area, while bare rock (14%), shrubs
(18%) and grassland (61%) are more widespread. In the basin, the third-
order Rio Cordon stream flows on a rough channel bed, featuring
boulder-cascade and step-pool morphologies (sensu Montgomery and
Buffington, 1997). In 2014, the surface streambed material resulted
poorly sorted with D;6/Ds50/Dg4/Dgo of grain size distribution (GSD)
equal to 29/114/358/455 mm, respectively, and a well-developed ar-
mour layer (Rainato et al., 2018a). The main channel (hereinafter Rio
Cordon) had an average slope of 17% with a mean bankfull width equal
to 5.3 m and a bankfull discharge (Qpp) = 2.30 m? s (Lenzi et al.,
2006a; Mao and Lenzi, 2007). Along the basin, the Rio Cordon is
interrupted by a waterfall, which represents a topographic knickpoint
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Fig. 1. The Rio Cordon basin, located in the eastern Italian Alps. The waterfall
represents the topographic knickpoint that divides the upper part (upper
plateau) and lower part of the basin.
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that conventionally divides the whole basin into the upper part (upper
plateau) and lower part (Rainato et al., 2018b). In 2016, 420 sediment
source areas were detected throughout the basin, classified in debris
flow channel/deposit, erosional area, stream bank erosion, landslide,
rockfall deposit and active talus (Ferrato et al., 2017). From the sources,
the sediment can be transported downstream and eventually deposited
at the outlet (1763 m a.s.l.), where a permanent monitoring station is
built.

2.1.2. Long-lasting monitoring program

In 1985, the Rio Cordon basin was instrumented thanks to a
collaboration between University of Padova and Veneto Region, and
operating since 1986 under the ARPA Veneto management (Regional
Department for Land Safety). Specifically, a permanent monitoring
station was set up at the basin outlet with the aim of continuously
monitor water discharge (Q), suspended sediment load (SSL) and bed-
load (BL). In 1994, the monitoring station was provided with a meteo-
rological station, which measure continuously air temperature, wind
speed and precipitations through a heated rain gauge. Between
September 1986 and September 2018, the monitoring station recorded
33 flood events (Supplementary S1). Overall, these events mobilized
1850 m® of coarse material, corresponding to a bedload yield of 3154 t.
Considering instead the total sediment yield (BL + SSL), the Rio Cordon
basin delivered ~15125 t. Among the 33 events recorded, the highest
magnitude was expressed by the September 1994 flood, when an intense
summer shower triggered a flash flood with a peak of water discharge
(Qp) equal to 10.40 m? s7! (Rainato et al., 2017). This event altered the
basin by modifying the streambed configuration, creating new sediment
sources throughout the catchment and causing the transport of about
900 m® of coarse material, which corresponds to ~50% of the total
bedload volume observed between September 1986 and September
2018.

2.2. Rainfalls

Consistently to the previous flood event investigations realized in the
Rio Cordon basin (Lenzi and Marchi, 2000; Rainato et al., 2018a; Oss
Cazzador et al., 2020), to describe the rainfalls induced by the Vaia
storm the data from the heated rain gauge were used. This sensor
measures every 5 min with an accuracy of 0.2 mm, permitting to
determine the total precipitation and the rainfall intensities exhibited by
the storm event. Specifically, the maximum rainfall intensities in 5, 15,
30 min and 1, 3, 6, 12, 24, 48, 72 h were determined and named, Isin,
I15mins I30min and In, Isn, Ish, I12n, T24n, Iaghs I72n, respectively. To better
comprehend the magnitude expressed by Vaia storm in the Rio Cordon
basin, the measured rainfall intensities were compared to the rainfall
depth-duration-frequency (DDF) curves compiled by ARPA Veneto for
the “Passo Falzarego” meteorological station. This was chosen as the
nearest rain gauge with a long-lasting monitoring. In fact, it is located
9.4 km north-west of the Rio Cordon basin, at 2040 m a.s.1., and operates
since 1985.

2.3. Hydrological conditions

The wind and rainfall generated by the Vaia storm caused the arrest
of the water level gauges installed in the Rio Cordon monitoring station.
Therefore, no discharge measurement was realized during the Vaia
induced flood event (hereinafter October 2018 event). In light of this, to
describe the hydraulic forcing conditions that acted in the Rio Cordon,
indirect methods were used. To reconstruct the hydrograph, the nearest
gauging station operating during the Vaia storm was tested. This was the
“Sottorovei” Arpa Veneto gauging station (5.2 km south-west of the Rio
Cordon basin), which recorded the discharge of the Fiorentina Stream
(Qrp). Worth noting is that the Rio Cordon is a sub-basin of the Fiorentina
basin (58 km?). To test the capacity of Fiorentina discharge (Qg) to
describe the Rio Cordon discharge (Qgc), two recent floods (November
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2012 and November 2014) recorded in the sub-basin were isolated and
the measured Qr, were compared to the Qp simultaneously recorded.
Using linear regression and comparing 1762 discharge measurements, it
was possible to observe that Qr; and Qg were statistically correlated (R?
= 0.897, p-value < 0.01). Therefore, the Qp; measured during the Vaia
storm were scaled according to the linear equation obtained, permitting
to reconstruct the hydrograph of the October 2018 flood in the Rio
Cordon. However, it should be stressed that this reconstruction was
affected by a certain degree of uncertainty as based on the analysis of
near-bankfull events. In fact, in terms of Qp, the November 2012 and
November 2014 floods ranged between 2.06 and 2.10 m® s~! in the Rio
Cordon, while in the Fiorentina Stream spanned between 23.60 and
32.00 m®s~ L. Therefore, given the high magnitude expressed by October
2018 flood, a specific investigation about Qp was made in order to
integrate the hydrograph reconstructed with a portion devoted to
describing the peaking part. The latter was intended as the hydrograph
part simulated between the maximum discharges estimated by hydro-
graph reconstruction (Qr — Qg relationship) and the Qp estimated. A
simple triangular shape was used to describe this peaking part, ac-
cording to the hydrograph shapes generated in mountain basins by high
magnitude/low frequency floods (Lenzi et al., 1999; Turowski et al.,
2009).

The value of Qp was calculated through two different approaches.
Firstly, post-event surveys permitted to clearly identify high-water
marks along a cross section located in the final straight reach of Rio
Cordon and embanked on the right side, i.e., the best conditions for Qp
definition by the slope conveyance method (Gaume and Borga, 2008;
Marchi et al., 2016). A differential Global Position System (dGPS) de-
vice, featuring an average vertical and horizontal accuracy <0.05 m,
was used to survey this cross section, which was used to compute Qp
through the Manning-Strickler equation (Eq. (1)):

AR3SE
- n

(0] (@)
in which Q is the water discharge (m3 s_l), A the flow area (mz), R the
hydraulic radius (m), S the stream slope (m m’l) and n the Manning
roughness coefficient. Based on field observation of the boundary
roughness conditions and on the n observed in mountain streams (Reid
and Hickin, 2008; Zink and Jennings, 2014, Oss Cazzador et al., 2021) a
Manning roughness coefficient = 0.125 s~ m~'/3 was applied.
Secondly, the equation (Eq. (2)) proposed by Bravard and Petit
(1997) to determine Qp through a basin area scaling ratio was used:

q=Q(a/A) @

in which q is the water discharge occurred in a sub-basin (in m®s™1), Q
the water discharge measured at the basin outlet (in m? s’l), a is the sub-
basin area (in kmz), A the basin area (in kmz), while c is a site specific
coefficient that in literature varies between 0.4 and 1.0 (Gob et al.,
2010). The maximum Qg; recorded during the Vaia storm were used as
Q, while c equal to 0.8 was applied according to Liébault et al. (2012)
and Oss Cazzador et al. (2021).

Once determined the hydrograph and its peaks, the bedload duration
(Tgp and the effective runoff (ER) were estimated. These describe the
hydrograph-duration and -volume exceeding the threshold for bedload
motion. To this end, the critical discharge (Qc¢) for motion of coarse
streambed material observed in the Rio Cordon during the period
2012-2018 was used, which corresponds to Q¢ = 2.06 m® s! (Rainato
et al., 2020). This is consistent with the observations made in the Rio
Cordon by Lenzi et al. (1999), who documented Q¢ constantly around Q
=2.00 m® s~ ! in the flood events of 1987-1994.

The hydraulic forcing conditions were expressed even in terms of
unit stream power (w), through Eq. (3):

= pgos
w

3
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where p is the fluid density (kg m~3), g the acceleration due to gravity (m
s’z), Q the water discharge (m3 s’l), S the stream slope (m m’l) and wis
the flow width (m). Specifically, to calculate the peak of unit stream
power (wp) acted during the October 2018 flood, the flow width was
determined by analyzing the Digital Terrain Model (DTM) of the Rio
Cordon dated 2006 (see Section 2.4), which suggested a w = 6.30 m.

2.4. Geomorphic setting

2.4.1. Remote sensing data

To investigate the geomorphic response induced in the Rio Cordon
basin by the Vaia storm, two LiDAR surveys dated, respectively, 2006
and 2019 were exploited. Both surveys produced classified point clouds
and orthophotos. The latter with resolution of 0.5 m and 0.2 m, for 2006
and 2019, respectively. From the point clouds, only the ground points
were used to derive the DTMs for the following analyses. The post-
processing was carried out using CloudCompare software (www.dan-
ielgm.net/cc; version 2.10.2 Zephyrus), with the primary aim of co-
registering the point clouds. The co-registration was performed using
a combination of automatic Iterative Closest Point (ICP) algorithm and
manual definition of point correspondences. The compound use of these
methods wants to provide a suitable solution to reduce unrealistic dif-
ferences between the point clouds that often exist in rugged environ-
ments (Cucchiaro et al., 2020). The orthophotos were exploited for
different purposes: from the qualitative assessment of the changes
throughout the basin to the analysis of the variations along active
channel and sediment source areas. However, due to the time interval
between the two LiDAR surveys, other events might have contributed to
alter the geomorphic setting of the catchment. To distinguish the al-
terations induced by these events from the October 2018 effects, an
additional pre-event orthophoto and previous studies were used. Spe-
cifically, the 2015 orthophoto (Web Map Service service for AGEA, 0.20
m resolution) and the geomorphic effects documented in Rainato et al.
(2017, 2018a) and Oss Cazzador et al. (2020) were taken advantage of.
Instead, the two DTMs permitted to determine the topographic differ-
ences and, then, any significant geomorphic change related to the Vaia
storm.

2.4.2. Geomorphic change detection

The topographic differences were determined by comparative anal-
ysis between the 2006 and 2019 DTMs, using the DEM of Difference,
hereinafter DoD, technique. The o0ld-2006 DTM was subtracted to the
new-2019 DTM using the Geomorphic Change Detection 7.4.4, AddIn
for ArcGIS (Wheaton et al., 2010). To overcome the mere representation
of all the changes, hence to distinguish those changes produced by noise
from the real ones, a widely used approach accounting for spatially
distributed elevation uncertainty was adopted. Also, this approach
overcomes spatially uniform methods, i.e. minimum level of detection
(minLOD), in which real geomorphic changes risk to be removed. The
methodology proposed by Wheaton et al. (2010) mainly regards three
steps to generate a robust DoD output: (i) computation of cell-by-cell
DEM uncertainty (spatial distribution of elevation uncertainty) using
the Fuzzy Inference System (FIS); (ii) propagation of the uncertainty into
the DoD; (iii) statistical significance of the propagated uncertainty based
on probabilistic thresholding. The first step was accomplished using a
three inputs-FIS, i.e., point density, slope and roughness. Particularly,
the roughness information was derived using the Roughness Index,
proposed by Cavalli and Marchi (2008), and already applied in other
geomorphological studies as part of the three inputs-FIS (Oss Cazzador
et al., 2021). The second step regards the propagation of the uncertainty
from the individual DEM into the DoD, still on cell by cell basis. This step
was accomplished by applying the well-known combined error formula
proposed by Brasington et al. (2000). The third step assessed the sta-
tistical significance of the DoD output using a 95% probabilistic
thresholding, which means that all the elevation changes that do not fit
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within a confidence interval of 95% were discarded. The application of
such probabilistic thresholding relies upon the choice of the corre-
sponding t-value, as proposed by Taylor (1997) and then by Brasington
et al. (2003) and Lane et al. (2003). In this work, a conservative 95%
confidence interval (t-value = 1.96) was assigned because of the high
values of elevation uncertainty and the willingness to quantify the
minimum compatible volume of sediment mobilized in the Rio Cordon
basin. The DoD was performed to investigate sediment displacement
occurred along the hillslope, within the lower Rio Cordon and at the
bedload storage area of the monitoring station. Specifically, for the
hillslopes, the aim was to outline potential new sediment sources that
may or not have contributed to supply sediment in the channel network.
At the bedload storage area, the DoD was performed over a polygon of
4200 m?, which includes also the lateral and downstream zones buried
by sediment. However, an area of ~500 m? was affected by the presence
of a bridge that passes over the deposit. Here, no suitable LiDAR data
were found so that the 2006 and 2019 DTMs have been roughly inter-
polated causing an estimated source of error of about 11%.

2.4.3. Sediment sources

The detection of the new sediment sources was accomplished
through orthophotos and DoD interpretation with a focus to the lower
part of the basin. In addition, a previous sediment source inventory
(Ferrato et al., 2017), was used to help the detection of those areas (re)
activated only during the Vaia storm. The sediment sources were then
grouped according to the classification already proposed for the Rio
Cordon basin in: landslide, debris flow channel/deposit, surficial
erosion, stream bank erosion, rockfall and active talus. Knowing the
coupling state of the sediment sources, it is possible to have an idea of
the volume of sediment supplied to the channel network and eventually
to the outlet. To assess the coupling state and the potential supply from
sources to active channel, an approach based on the Index of Connec-
tivity (IC) (Cavalli et al., 2013) and the DoD was proposed. First, using
the 2019 orthophoto, the sources that did not reach the active channel
and, therefore, visibly decoupled were excluded. Then, the IC map was
computed with SedInConnect 2.3 (Crema and Cavalli, 2018), using the
pre-event (2006) DTM, selecting the active channel as target. The mean
IC value for each sediment source was extracted and only those having a
value higher than a threshold were considered. The threshold was set as
the median (50th percentile) of all the mean IC values of each area. In
other terms, a boundary based on the central value was set, to distin-
guish areas of high- and low-IC. Finally, the sediment sources showing
predominant erosion (negative net volume difference) were selected. In
this way, we assumed that only the sediment sources highly coupled
with the active channel supplied a significant volume of sediment.
Conversely, the decoupled or balanced (erosion and deposition
balanced) sediment sources were not considered suppliers. In particular
cases, e.g. landslides recharging debris flow channels/deposits, the
balance was obtained as the overall DoD result of the single areas
composing the same potential supplier.

2.4.4. Active channel

The active channel variations were first investigated through quali-
tative analysis of orthophotos. To further investigate the geomorphic
changes as well as its causes and effects along the Rio Cordon, the active
channel was segmented into sub-reaches. The segmentation, which
draws part of the criteria from Rinaldi et al. (2013), considered homo-
geneous sub-reaches based on stream slope, channel width and conflu-
ences with tributaries. Stream slope was derived from the 2006 DTM,
while channel width and confluences from the orthophotos. Hence, six
sub-reaches (1-6) ranging from 154 m to 623 m in length were identified
in the lower basin, resulting in 2023 m totally investigated along the
active channel. Upper Rio Cordon was excluded from this analysis due to
its semi-colluvial nature and sediment disconnectivity documented
during Vaia storm (Oss Cazzador et al., 2021). The width ratio (Wr), the
peak of unit stream power (wp;) acted during the October 2018 event and
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the DoD segregation (Wheaton et al., 2013) were calculated for each
sub-reach. Wr is intended as the ratio between the post- and pre-flood
average channel width (Scorpio et al., 2018), which were assessed on
the 2019 and 2006 orthophotos, respectively. The peak of unit stream
power occurred in the sub-reaches (wp; — wpg) was determined ac-
cording to Eq. (3). To this end, each S and w were calculated analyzing
the 2006 DTM and considering the stream slope and the channel width
averaged on the upstream channel portion. Instead, the maximum water
discharge flowed in each sub-reach (i.e. Q in Eq. (3)) was determined
using the Eq. (2), with Q equal to the Qp calculated for the Rio Cordon
outlet (see Section 2.3), while a and A were the basin area subtended by
the sub-reach and the whole basin, respectively. Finally, the potential
correlations between Wr, wp; and DoD were investigated through linear
regression.

2.5. Sedimentological setting

The sedimentological response of the study basin to the Vaia storm
was explored by investigating the variation in the grain size distribution
of the main channel and by characterizing and quantifying the coarse
material transported. To determine the post-flood GSD of the Rio
Cordon, 202 particles were collected and measured along the main
channel using the grid by number method. The same method was used to
describe the GSD of bedload transported to the monitoring station,
which was estimated by sampling 224 particles. Also, the ten largest
boulders deposited at the bedload storage area were characterized in
terms of a-, b- and c-axis in order to describe the boulder mobility trig-
gered by the October 2018 flood. To determine the volume of coarse
material mobilized by the event (BLops), the bedload storage area of the
monitoring station was surveyed. Therefore, using the DoD technique
(see Section 2.4.2) it was possible to quantify a reliable volume resulting
from the elevation difference between the post-event storage unit (2019
DTM) and the pre-event one (2006 DTM). The reconstruction of hy-
draulic forcing conditions occurred during the October 2018 event
enabled the volume of coarse material transported to be predicted
(BLpreq) as well. To this end, consistently with previous Rio Cordon flood
investigations (D’Agostino and Lenzi, 1999; Lenzi et al., 1999, 2006b;
Rainato et al., 2017), the bedload equation (Eq. (4)) proposed by
Schoklitsch (1962) was used:

25
Os =
pilp

S0 — Q) 4)

where Qs is the bedload rate m3s 1) and ps is the sediment density (kg
m™2), respectively. The use of Schoklitsch equation permitted to calcu-
late BLprq but also to analyze its performance under the different hy-
drological conditions examined in the Rio Cordon over the last decades.

3. Results
3.1. Rainfall characterization

In the Rio Cordon basin, the Vaia storm induced a rainfall event that
lasted about 80 h, starting on October 27th at 06:55 (CET) and ending on
October 30th at 14:45 (Table 1). During this time interval, a total pre-
cipitation of 352.0 mm was recorded, corresponding to the 29.8% of the
mean annual precipitation. The rainfall event was not continuous but
exhibited a hiatus of ~9 h (Fig. 2). Therefore, it is possible to identify a
first and a second phase, hereinafter Phase 1 and Phase 2. The Phase 1
lasted 36.8 h with 199.8 mm, while 152.0 mm were recorded in the 34.2
h of Phase 2.

The event registered a mean rainfall intensity equal to 4.4 mm h™?,
while Phase 1 and Phase 2 expressed an average of 5.4 and 4.4 mm h™},
respectively (Table 1). Phase 1 showed a higher mean intensity due to
the more continuous precipitation over time compared to Phase 2 that
exhibited an abrupt decrease after peaking (Fig. 2). However, the
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Table 1

Main characteristics of the first and second phase of the rainfall event recorded
by the Rio Cordon rain gauge during the Vaia storm, as well as of the entire
rainfall event. Ismin, I15min, I3omin describe the maximum rainfall intensities
measured in 5, 15 and 30 min, respectively. I, Isn, Ish, I12n, I24n, I4sn and Iz, are
the maximum intensities recorded, respectively, in 1, 3, 6, 12, 24, 48 and 72 h.

Phase 1 Phase 2 Event

Time of rainfall initiation 27/10/2018 29/10/2018 27/10/2018
(CET) 06:55 04:30 06:55

Time of rainfall end (CET) 28/10/2018 30/10/2018 30/10/2018
19:45 14:45 14:45
Total precipitation 36.8 34.2 79.8
duration (h)
Total precipitation (mm) 199.8 152.0 352.0
Mean rainfall intensity 5.4 4.4 4.4
(mmh™)
Time of Ismin (CET) 28/10/2018 29/10/2018 29/10/2018
07:15 19:05 19:05
Ismin (mm/5 min) 2.2 4.2 4.2
I15min (mm/15 min) 5.6 7.0 7.0
I30min (mm/30 min) 9.2 12.4 12.4
I;p (mm/1h) 14.6 20.4 20.4
I3, (mm/3h) 34.8 42.0 42.0
Isn (mm/6h) 74.4 85.2 85.2
I;2n (mm/12 h) 111.2 111.8 111.8
I4n (mm/24 h) 176.6 142.8 176.6
I4gn (mm/48 h) - - 295.0
I (mm/72 h) - - 343.2

highest intensities between Ispn;, and I;op were constantly observed
during Phase 2, particularly, between 8:30 and 21:30 of October 29th. In
this sense, the maximum rainfall intensities recorded (Ismin — I72n) wWere
compared to the DDF curves of the “Passo Falzarego” meteorological
station. Fig. 2b and 2c show that Ismin, I15min and I3pmin resulted lower
than DDF curve estimated for recurrence interval (RI) of 2 years, while
from Iy, progressively exceeded the DDF curves by culminating in Igp, —
I7n that showed RI clearly higher than 50 years.

3.2. Hydraulic forcing conditions

The reconstructed hydrograph estimated Q persistently >1.10 m®s~!
(i.e. >0.5 Qpy) from October 28th at 7:00 through October 31st at 9:30.
Two consecutive peaks were determined, respectively, on October 28th
at 18:45 and on October 29th at 20:00, interspersed by ~21 h of under-
bankfull conditions (Fig. 3). Therefore, similarly to what observed in the
rainfall analysis, also in the flood event caused in the Rio Cordon by the
Vaia storm two phases can be observed (Fig. 3).

The reconstructed hydrograph suggested Qp for the Phase 1 and
Phase 2 equal to 2.31 m®s ™! and 8.24 m® s}, respectively. Interestingly,
the maximum discharge exhibited a delay respect to the maximum I5p;,
of 55 min (Table 2). The high-water marks detected in the post-flood
surveys enabled to calculate, via Eq. (1), a maximum peak flowed =
17.50 m® s7l. Such peak was related to the maximum discharge
occurred, i.e., Qp of Phase 2. No field evidences permitted to determine
the Qp of Phase 1. For both phases, the peak of water discharge was
estimated through the basin area scaling ratio (Eq. (2)) applied to the
maximum Q recorded in the Fiorentina Stream. Thus, the Qp estimated
were 3.43 m® s ! and 15.21 m® s ! for Phase 1 and Phase 2, respectively
(Table 2). These peaks resulted roughly consistent to those estimated for
the Phase 1 by the hydrograph reconstruction (lower by a factor of 0.67)
and for the Phase 2 by the post-flood surveys (higher by a factor of 1.15).
Therefore, considering the uncertainty and limits associated to each
method used, the average between Qp estimated by hydrograph recon-
struction (2.31 m® s71) and the one determined by basin area scaling
ratio (3.43 m® s™!) was considered representative in describing the
water discharge peak of Phase 1. About Phase 2, the average between Qp
obtained by post-flood surveys (17.50 m> s™1) and the one resulted by
application of basin area scaling ratio (15.21 m® s™1) was considered.
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Hence, Phase 1 and Phase 2 expressed Qp = 2.87 (+0.56) m° s~ and Qp
=16.36 (+1.14) m® s’l, respectively (Fig. 3). In terms of unit stream
power, these peaks corresponded to 678 W m~2 and 3865 W m 2. The
resulted hydrograph shows a Phase 1 characterized by a lower magni-
tude compared to Phase 2. In terms of flow duration, in Phase 1 about
0.50 h with Q > Qgprand 1.75 h of bedload duration (Tp) were assessed.
Such conditions led to an effective runoff (ER) equal to 1.0 x 10° m®
(Table 2). Phase 2 exhibited a clear higher magnitude: over-bankfull
discharge for ~18 h was observed and Q two- and three-fold higher
than Qs were noted for 5.75 h and 3.50 h, respectively. In Phase 2, ER =
200 x 10° m® and Tp equal to 20.25 h were estimated, leading the total
bedload duration for the October 2018 flood to 22 h (Table 2). Overall,
the October 2018 flood expressed the largest Qp (16.36 m® s_l) and ER
(201 x 10% m®) ever documented in the Rio Cordon basin, with a unit
peak discharge equal to 3.3 m®s ! km2

3.3. Geomorphic effects

3.3.1. Sediment source areas and sediment connectivity

The detection of the sediment sources led to the mapping of 9 newly
formed instabilities and 17 source areas reactivated or enlarged during
the October 2018 flood (Fig. 4A). The new sediment sources were
exclusively located in the lower part of the Rio Cordon basin, covering a
total area of 31,179 m? with a minimum extent of 49 m? and a
maximum of 4927 m?2. According to the sediment sources’ classification
used in the Rio Cordon basin, 5 sources were classified as debris flow
channels/deposits, 20 as landslides and 1 as stream bank erosion.

The sediment connectivity analysis pointed out the presence of 6
sources coupled to the channel network and potentially sediment sup-
pliers (Fig. 4A). Conversely, 20 sources were classified as non-supplier,
either because decoupled to the active channel or because they did not
show net erosion. This result agrees with the historic knowledge of the
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Table 2

Main characteristics of first and second phase of the flood event induced in the
Rio Cordon by Vaia storm, and of the entire flood. Qg indicates the Rio Cordon
bankfull discharge (i.e., 2.30 m® s~ '), while Q25 and Qs represent discharges,
respectively, two and three fold larger. T is the estimated bedload duration,
while ER is effective runoff. BLp,.q and BLgps describe the bedload volume
calculated by applying the Schoklitsch (1962) equation and by DoD analysis,
respectively.

Phase 1 Phase 2 Event
Duration of Q > Qgf (h) 0.50 17.75 18.25
Duration of Q > Qapr (h) - 5.75 5.75
Duration of Q > Qsgf (h) - 3.50 3.50
Tg (h) 1.75 20.25 22.00
ER (10° m%) 1.0 200.0 201.0
Time of Qp (CET) 28/10/2018 29/10/2018 29/10/2018
18:45 20:00 20:00
Qp (hydrograph 2.31 8.24 8.24
reconstructed’; m® s—1)
Qp (post-flood survey; m®s™ 1) — 17.50 17.50
Qp (basin area scaling ratio”; 3.43 15.21 15.21
m? s’l)
BLpreq (m*) 32 6858 6890
BLops (m®) - 6656 6656

@ Hydrograph reconstruction based on the Fiorentina
measurements.

b Based on Bravard and Petit (1997) equation.

discharge

basin and with post-event observations. The estimated volume of sedi-
ment eroded from the 6 coupled sources was 1219 m®, mostly conveyed
by the landslides-debris flow system located close to the outlet (Fig. 4A).
This volume was reduced, subtracting the bedload yields expressed by
November 2012 and June 2014 events (Supplementary S1) to avoid

= Waterfall DoD (m)

[ Non sediment supplier Il <-
Sediment supplier

=== Sub-reaches limit

M Monitoring station 0 - 1
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double counting, thus obtaining a potential volume supplied during the
October 2018 flood of 1140 m>.

3.3.2. Active channel

Between pre- and post-event conditions, over the 2023 m analyzed,
the active channel widened from an average width of 6.30 m to 10.60 m,
expanding from 8607 m? to 38696 m?. Considering the geomorphic
change detection, the DoD analysis computed a total net erosion of 6979
m® 4+ 2059 m° unevenly distributed along the reach (Fig. 4A). The
average depth of surface lowering (erosion) was 1.06 m, while the
average depth of surface raising (deposition) was 0.63 m. Many of the
deeper erosional areas were located along the banks (Fig. 4B). Notably,
the deepest erosion of 4.70 m was located in the downstream part of the
basin, along banks affected also by windthrows. Conversely, the depo-
sitional areas were predominantly located in the middle of the stream
and the highest deposit was 3.10 m. The DoD segregation pointed out
that all the sub-reaches were eroded and the downstream sub-reach has
the highest average net thickness of difference with —0.45 m (Table 3).
Therefore, sub-reach 6 presented the highest averaged rate of erosion
(averaged to the area of the sub-reach), followed by sub-reaches 3, 4 and
1 with remarkable erosion rates. Differently, sub-reaches 2 and 5
exhibited the lower average net thickness of difference with —0.07 m
and —0.08, respectively, stressing that they were closer to balancing the
erosional and depositional volumes than other sub-reaches. These re-
sults were confirmed in the DoD profile (Fig. 4C), in which the DoD was
presented as the sum of all the values hydrologically equidistant from
the outlet. Sub-reach 6 exhibited predominant erosion values, whereas
sub-reach 2 and 5 showed erosion values almost balanced with deposi-
tion ones. As proven by the elevation profile, sub-reach 2 corresponds to
a flatter part of the Rio Cordon. The unit stream power acted in each sub-
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Fig. 4. The geomorphic response of the lower Rio Cordon basin: A) location of the source areas and their potential role as sediment supplier to the active channel
(sub-reaches 1-6); B) zoom of the spatial pattern of geomorphic changes along the Rio Cordon obtained from the DoD; C) DoD represented as the sum of eroded (red)

and deposited (blue) volume along the longitudinal profile of the active channel.



R. Rainato et al.

Table 3
Summary of the results for each sub-reach concerning unit stream power (wp;),
width ratio (Wr) and average net thickness of difference (DoD).

Sub-reach Contributing area Length wp; wr DoD
(km?) (m) (Wm™? (m)
1 2.30 623 2487 1.21 -0.12
2 3.37 154 2971 1.79 - 0.07
3 3.50 288 2984 1.39 —0.24
4 4.28 510 3534 2.44 -0.19
5 4.47 251 3586 2.01 —0.08
6 5.00 197 3865 3.76 —0.45

reach (wp;) showed a progressive increase by moving from upstream to
downstream, spanning from wp; = 2487 W m2to wpg equal to 3865 W
m~2 Interestingly, sub-reach 1 expressed a width ratio (Wr) close to 1,
while sub-reach 6 experienced major planimetric variations with a Wr
equal to 3.76 (Table 3). In this sense, the width ratio scaled roughly
linearly with the unit stream power (R = 0.749, p-value < 0.05), while
a weak relationship was observed between wp; and DoD values (R? =
0.293, p-value > 0.05). Therefore, the results suggest that stream power
variation led to a linear variation in the channel width but not in the
streambed elevation.

3.4. Sedimentological effects

The post-flood GSD of Rio Cordon resulted slightly finer than pre-
event, with D;4/Ds0/Dg4/Dgp that varied from 29/114/358/455 mm,
respectively, to 26/78/302/423 mm (Fig. 5). Particularly, it should be
stressed the reduction of about a third experienced by Dsp. The coarse
material transported to the monitoring station exhibited a GSD com-
parable to that expressed by the streambed material, with D;g = 38 mm,
Dsp = 90 mm, Dggy = 248 mm and Dgg equal to 381 mm (Fig. 5).

The ten largest elements were characterized measuring the axis and,
thus, estimating the weight. These boulders had a b-axis between 400
and 1100 mm, corresponding to an estimated weight between 0.11 and
1.75 t. Field evidence suggested that these elements were recruited
primarily from banks and cascade/step-pool sequences, being then
transported for tens of meters. The relationship observed in the period
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Fig. 5. Comparison between grain size distributions of pre- (August 2014) and
post-flood (October 2018) Rio Cordon streambed as well as of October
2018 bedload.
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2012-2018 between critical unit water discharge (q.) and particle size
(Rainato et al., 2020) permitted to roughly determine the hydraulic
forcing that caused the boulder entrainment. Considering the ten largest
eleiments, the analysis suggested g, between 0.68 m? s! and 1.51 m?
s

The bedload storage area located at the measuring station was
completely filled with coarse sediment (Fig. 6). In this area, the DoD
analysis determined a bedload volume (BLgps) equal to 6656 m?® + 769
m®, over an extent of about 4200 m?. Therefore, the average net thick-
ness of difference was 1.58 m, with the maximum elevation change
reaching 5.96 m of deposition. The reconstruction of the hydrograph
also permitted to determine the bedload volume predicted (BLp.q) by
bedload equation. The application of the Schoklitsch (1962) equation
suggested a bedload volume of 6890 m®, of which 32 m® were associated
to Phase 1 and 6858 m® to Phase 2 (Fig. 3). Interestingly, the total 6890
m® resulted higher by a factor of 1.04 respect to the BL calculated by
DoD analysis. Thus, the bedload volume expressed by the October 2018
flood was considered as the average between BLops and BLpyq, i.€., equal
to about 6800 m>.

In terms of BL, the October 2018 flood appeared the largest event
recorded in the last 34 years (1986-2018), resulting greater than the
second flood by a factor of ~7.5, i.e., the September 1994 event (BL =
900 m®), and by a factor of 3.68 than the cumulative bedload volume
generated by the 33 previous events. Moreover, the bedload was
transported over a Tp; of 22 h, corresponding to a transport rate equal to
309 m® h™. In terms of bedload yield, the October 2018 flood delivered
11,713 t of coarse material, accounting for 99% of the annual bedload
recorded in 2018 and 79% of total bedload observed in the period
1986-2018 (Fig. 7). Considering this period and accounting the October
2018 event, the Rio Cordon basin therefore exhibited a total sediment
yield = 26840 t, which corresponds to a mean sediment yield of 162.6 t
km~2 yL. It is worth bearing in mind that this estimate does not account
for the suspended sediment load generated by October 2018 event.

Considering the 34 floods recorded in the Rio Cordon basin in the
period 1986-2018, it is possible to note a power law relationship be-
tween Qp and BL (R? = 0.719, p-value < 0.01), in which the October
2018 flood represents the upper bound (Fig. 8a). In addition, the bed-
load GSD seems to be described by Qp, with the transported D;s/Dso/
Dg4/Dgg well predicted by the peak of water discharge. Notably, the
relationship performance increases with the coarsening of the percen-
tiles (Fig. 8b). In fact, the relationships Qp — Dgp and Qp — Dg4 showed
R? = 0.842 (p-value < 0.01) and R? = 0.813 (p-value < 0.01), respec-
tively, with the larger elements mobilized by October 2018 flood.
Differently, Qp — Dsp (R? = 0.677, p-value < 0.01) and Qp — D16 (R% =
0.421, p-value < 0.05) resulted more scattered, with October 2018 event
that transported Dsp and Dj¢ similar to those entrained by lower
magnitude floods. Overall, a progressive increase of both the factor a
and exponent b can be noticed with the coarsening of the percentile
considered (Fig. 8b).

The ratio between BL (in t) and ER expressed by each flood recorded
(1986-2018) enabled to investigate the temporal trend of transport ef-
ficiency. Fig. 9 shows a general decreasing trend over the long-term
period, with most of the events characterized by a BL/ER ratio be-
tween 0.1 and 10.0. The only floods that clearly deviate from the general
trend were the September 1994 (BL/ER = 58.0) and the October 2018
(BL/ER = 58.3).

4. Discussion
4.1. Rainfall conditions

The heavy precipitation generated in the study basin by the Vaia
storm was not continuous but exhibited a hiatus of about 9 h, permitting
the identification of a Phase 1 and a Phase 2 in the rainfall event
(Table 1). This temporal distribution is consistent to what was shown by
Vaia storm over northeastern Italy (Davolio et al., 2020; Giovannini
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Fig. 6. Bedload storage area (A) pre- and (B) post-October 2018 flood.
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et al., 2021). The maximum rainfall intensities recorded in 5, 15, 30 min
(Ismin> I15min> Isomin) Were characterized by RI < 2 years, while consid-
ering longer time intervals (Igy, — I721) the RI resulted well over 50 years,
emphasizing the persistence of rainfall occurred in the Rio Cordon basin.
These results agree with Giovannini et al. (2021) who, investigating the
main characteristics of the Vaia storm, reported 72 h accumulated pre-
cipitation with RI > 200 years in most of the eastern Italian Alps. The
moderate but persistent pattern of rainfall was further stressed by the
comparison of other high magnitude/low frequency events documented

in mountain basins. Batalla et al. (1999) documented, in the Aras basin,
a flash flood associated to boulder mobility and massive sediment
transport and caused by a brief but intense summer thunderstorm that
featured a mean rainfall intensity of 250 mm h~! (Table 4). Similarly,
Turowski et al. (2009) analyzed three high magnitude floods that
affected the Erlenbach basin with large bedload and boulder mobility,
identifying intense summer thunderstorms as triggering factor. These
events were characterized by I, (40.4-61.3 mm) and mean rainfall in-
tensity (12.9-36.8 mm h™!) clearly higher than those observed in the
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Table 4

Main characteristics of the high magnitude/low frequency event analyzed in this work, compared with those observed in mountain basins by other authors. A is the
basin area; S the mean channel slope; Rainfall description indicates the precipitation type triggering the flood event (PP = persistent precipitation, ST = summer
thunderstorm); Basin responses describes the main effects induced by the high magnitude/low frequency event in each study basin (CC = channel changes, BM =
boulder mobility, HF = Hyperconcentrated flow, DF = debris flows, LA = landslides).

Study basin Event A S (m Rainfall Mean rainfall Unit peak discharge Unit stream power  Basin Reference
(km?) m™) description intensity (mm h™ m®s ' km™?) Wm™32) responses
Rio Cordon October 5.0 0.17 PP 4.4 3.3 2487-3865 CC, BM This work
2018
Aras August 1996 18.0 0.14 ST 250.0 20.0 - CC, HF, BM Batalla et al.
(1999)
Emme July 2014 94.0 0.02 ST ~87.0 2.7-4.7 - CC, DF, LA Ruiz-Villanueva
et al. (2018)
Erlenbach July 1984 0.7 0.18 ST 21.3 17.1 - CC, BM Turowski et al.
(2009)
Erlenbach July 1995 0.7 0.18 ST 12.9 14.0 - CC, BM Turowski et al.
(2009)
Erlenbach June 2007 0.7 0.18 ST 36.8 20.9 - CC, BM Turowski et al.
(2009)
Fourmille September 65.0 0.03° PP ~2.6 - 2500 CC, BM, DF Wicherski et al.
2013 (2017)
Grimmbach May 2016 30.0 0.02 - ~6.4 22.6-25.1 - CC, LA Lucia et al. (2018)
Jamne July 2018 8.9 - ST ~2.0 4.6-4.8 770-2769 CC Bucata-Hrabia
et al. (2020)
Jaszcze July 2018 11.4 - ST ~2.0 4.1-4.5 767-2703 CC Bucata-Hrabia
et al. (2020)
Orlacher May 2016 6.0 0.06 - ~6.4 20.0 - CC, LA Lucia et al. (2018)
Bach
Rio Cordon September 5.0 0.17 ST 16.0 2.1 - CC, BM, LA Lenzi et al. (1999)
1994
Selska Sora September 29.8 0.02 - ~20.0 4.4 - CC, DF, LA Marchi et al.
2007 (2009b)
Tegnas October 52.0 0.03 PP 5.7 3.3 - CC, DF, LA Pellegrini et al.
2018 (2021)

# Averaged value.

Rio Cordon basin during the Vaia storm, but associated to a total pre-
cipitation (45.3-106.7 mm) and a total precipitation duration (1.5-5.0
h) notably lower. Few authors described high magnitude/low frequency
events triggered by persistent precipitation. In the Fella River basin,
Marchi et al. (2009a) analyzed a convective storm (I;2;, = 390 mm)
which caused a massive debris flow with a mobilized volume of
~78,000 m®, while a 6 days rainfall event with a total precipitation of
501.0 mm and daily rainfall between 27.2 and 246.4 mm led to a flood
with RI > 200 years in the Ligurian Alps (Nannoni et al., 2020).

4.2. Hydraulic forcing
The use of indirect methods to estimate the hydraulic forcing acted in

the Rio Cordon led to an implicit uncertainty, which needs to be
considered. In fact, the hydrograph reconstruction was based on the use

10

of the discharge measured in the Fiorentina basin to describe what
occurred in the Rio Cordon sub-basin. The Qg — Qg relationship was
statistically significant and based on 1762 discharge measurements
recorded during floods triggered by persistent precipitation, i.e., same
rainfall conditions that led to the October 2018 flood. However, it is
worth noting that these floods were near-bankfull events and, therefore,
the Qr — Qg relationship may have allowed a better description of
under- and near-bankfull discharge than over-bankfull conditions.
Nevertheless, the reconstructed hydrograph seems reliable since it re-
flected the temporal distribution of rainfall registered. Thus, specific
analyses were made to determine the corresponding Qp using the slope
conveyance method (Gaume and Borga, 2008) and the basin area scaling
ratio proposed by Bravard and Petit (1997). This latter indirect method
is characterized by an implicit source of uncertainty due to the basin to
sub-basin discharge extrapolation. This uncertainty may have been
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somewhat reduced by means of the site specific coefficient c (see Section
2.3) already used and tested in the Rio Cordon (Oss Cazzador et al.,
2021). Thus, the Qp inferred for Phase 1 (2.87 4 0.56 m?s™1) and Phase
2 (16.36 + 1.14 m® s7) were associated to the hydrograph recon-
structed and, in particular, in the Phase 2 the hydrograph was integrated
by a part simulated to describe the peaking portion of flood. This
simulated part involved 3 h of the 90 h investigated (October
27th-October 30th) and it was described as a triangular shape according
to the hydrograph shape observed in mountain basins during high
magnitude/low frequency floods (Lenzi et al., 1999; Marchi et al.,
2009a; Turowski et al., 2009). Interestingly, this shape was consistent to
the hydrograph generated by the Vaia storm in another basin of eastern
Italian Alps, i.e., the Tegnas catchment (Pellegrini et al., 2021). The
hydraulic forcing conditions estimated clearly stressed the high
magnitude expressed by the October 2018 flood event (Table 2). This
high magnitude can be ascribed to the amount and intensity of rainfall
but also to their temporal distribution and soil moisture. The soil con-
ditions may have also influenced the perifluvial areas, where important
windthrows were observed (Picco et al., 2020) likely to the high wind
gusts of October 29th acting on a saturated and softened terrain.

In the Rio Cordon, the October 2018 flood resulted in a unit peak
discharge of 3.3 m® s~ km 2. This value was lower than those described
in the Erlenbach by Turowski et al. (2009), who observed a unit peak
discharge between 14.0 and 20.9 m® s~ km 2 in large floods due to
intense thunderstorms (Table 4). Higher unit peak discharges were
documented even in the Fella River basin by Marchi et al. (2009a) and in
Grimmbach and Orlacher Bach by Lucia et al. (2018), who reported
20.0 m® s7! km™2 and 20.0-25.1 m® s™! km 2, respectively. Hydraulic
forcing comparable to that observed in the Rio Cordon were detected by
Marchi et al. (2009b) in the Selska Sora basin, where a flash flood
expressed 4.4 m® s™! km™2, and by Ruiz-Villanueva et al. (2018) that
reported a unit peak discharges between 2.7 and 4.7 m® s~! km™2
ascribed to heavy and extensive summer precipitation in the Emme
River basin (Table 4). Particularly, the unit peak discharge calculated in
the Rio Cordon resulted consistent to the 3.3 m® s~ km 2 experienced in
the Tegnas catchment during the Vaia storm (Pellegrini et al., 2021).
Also, the peaks of unit stream power inferred along the main channel
(wp1.6 = 2487-3865 W m 2 appeared comparable, although at the
upper limit, to those reported in literature. In fact, the small Jamne and
Jaszcze basins, located in the Western Polish Carpathians, experienced
between 767 and 2769 W m ™2 as a consequence of flood due to heavy
summer precipitation (Bucata-Hrabia et al., 2020). In Fourmille Creek,
Wicherski et al. (2017) documented a precipitation event of 350 mm in
seven days, which generated over-bankfull discharge for 120 h and a
maximum o of about 2500 W m~2 (Table 4). Instead, the range of unit
stream power determined in the Rio Cordon appeared in line to what
observed by Yochum et al. (2017) in the Colorado Front Range as
consequence of persistent heavy rainfall (~460 mm in 10 days). These
authors analyzed 531 stream reaches, estimating maximum o between
30 and 7000 W m 2.

4.3. Hillslopes and main channel responses

The limited response of hillslope and the only 26 sediment sources
(re)activated could be attributed to the moderate rainfall intensity that,
in combination with the hiatus in precipitation, may have precluded an
extensive slope instability. Also, the lack of other high magnitude events
in the period 1994-2018, might have reduced the erosional processes
and favored a consequent stabilization trend along the hillslopes (Fer-
rato et al., 2017). Differently, in the Tegnas catchment characterized by
a similar geological substrate, the Vaia storm caused a marked increase
of sediment sources with the catchment area covered by instabilities,
such as debris flows and landslides, augmented from 0.33% to 0.83%
(Pellegrini et al., 2021), whereas in the Rio Cordon basin this extent
increased only from 0.13% to 0.14%. The sediment sources were
investigated as potential suppliers in the lower basin. According to Dalla

11

Catena 207 (2021) 105600

Fontana and Marchi (1994), the lower Rio Cordon belt shows predom-
inant erosion areas (e.g., landslides, debris flows, stream bank erosions),
where the sources are potentially more capable of transferring sediment
to the downstream outlet in respect to the upper basin (Cavalli et al.,
2016). In this sense, recent analyses performed on the upper plateau by
Oss Cazzador et al. (2021) demonstrated that, although the October
2018 flood caused the reconfiguration of the upper reach (estimated BL
= 86.0-133.2 mg), it did not effectively transferred sediment to the
downstream part of the basin. According to the IC-DoD analysis, only
few sources acted as sediment suppliers to the main active channel
during the event. Although it proved to be sufficiently reliable, this
approach can be further improved. First, the DoD should consider more
frequent surveys, second the IC analysis could involve a deeper and
extensive field analysis to derive a more accurate threshold (see Section
2.4.3). However, the analyses stressed that the Rio Cordon basin showed
evidence of limited lateral connectivity, since only few sediment sources
supplied material to the channel network. On the contrary, it showed
high longitudinal connectivity due to the evident linkage between active
channel and outlet (Fryirs et al., 2007). The DoD analysis suggested that
the moderate but persistent rainfall caused greater hydraulic forcing
along the main channel than along the slopes, leading to a predominant
alluvial response of the Rio Cordon basin. This hypothesis was supported
by a volume eroded from Rio Cordon (6979 m3) clearly larger than the
potential volume supplied by sediment sources (1140 m>). In fact, the
DoD pointed out that along the active channel the October 2018 flood
resulted in severe erosion processes, with large streambed incisions and
banks scouring. Particularly, an evident widening was observed along
the 2023 m analyzed, with the average channel width that varied from
6.30 m, pre-event, to 10.60 m post-event. In this sense, it is worth noting
that the geomorphic changes measured can be affected by uncertainty
due to: (i) the error range in the active channel DoD, corresponding to
+2059 m?> (29.5%); (ii) the inaccuracies related to the channel width
measuring by means of orthophotos interpretation. Despite these sour-
ces of uncertainty, the results seem to suggest that the sediment trans-
port benefited by quasi-unlimited sediment supply conditions mainly
due to an extensive alteration of active channel, where the armoured
layer was removed. From the DoD analysis a longitudinal pattern along
the channel was hardly detectable as many avulsions caused the varia-
tion of the stream pathway and no clear erosional/depositional alter-
nation can be used to infer in-channel sediment transfers (Calle et al.,
2020). However, the subdivision in sub-reaches helped to reconstruct
the linkage between the hydraulic forcing and the geomorphic response.
As supported by Marchi et al. (2016), unit stream power was able to
describe the major geomorphic changes at channel reach scale. In
particular, consistency between wp; and lateral geomorphic changes
(Wr), rather than vertical (DoD), was found. This result appeared in line
with Krapesch et al. (2011), who successfully predicted channel
widening, caused by extreme floods in alpine gravel bed rivers, by using
® determined by means of the pre-event channel width. In the Rio
Cordon basin, the definition of the hydraulic forcing conditions and the
induced geomorphic changes supported also the hypothesis that the
high magnitude/low frequency floods are the only events that can
severely alter the rough boulder streams (Baker and Costa, 1987).

4.4. Sedimentological response

The hydraulic forcing and erosive processes triggered by October
2018 flood resulted in a massive sediment transport. The GSD investi-
gation stressed that the entire streambed grain size, from fine gravel to
large boulders, was mobilized (Fig. 5). This finding supports the hy-
pothesis that the Rio Cordon experienced structural bedload, condition
under which a complete streambed remobilization occurred (Piton and
Recking, 2017). Consistently, the mobility of large boulders was also
observed, highlighting the outstanding hydraulic forcing expressed by
October 2018 event. In this sense, it is interesting to note that, in liter-
ature, the transport of boulders was generally documented for higher
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unit peak discharges (Table 4). However, Wicherski et al. (2017)
observed boulder mobility in the Fourmille Creek as a consequence of @
comparable to that exerted in the Rio Cordon by October 2018 flood.
Therefore, these outcomes stressed out the need to better comprehend
the boulder mobility, a condition that can strongly impact the mountain
streams but that was only rarely investigated. The approaches used to
determine the bedload volume, i.e., DoD analysis and bedload predic-
tion, provided very similar volumes, with a BLops/BLprq ratio equal to
0.97. In the Rio Cordon, this ratio was always lower due to the over-
estimation of BLpreg by Schoklitsch (1962) equation and, in general, by
bedload equations, with respect to BLops (D’Agostino and Lenzi, 1999;
Rainato et al., 2017). Therefore, the good match between BLgps and
BLprq emphasized the high hydraulic forcing of October 2018 flood
coupled with a high sediment supply, conditions under which the bed-
load equations can provide the highest predictive performance (D’Ag-
ostino and Lenzi, 1999; Recking, 2012; Rickenmann, 2020). However, it
is worth noting that both BLp.q and BLgps might be affected by a certain
degree of uncertainty. On the one hand, BLp.q was calculated by means
of the Schoklitsch equation applied to the hydrograph reconstructed (see
Section 4.2). Therefore, the intrinsic uncertainty affecting the discharges
estimated may have propagated in the predicted bedload. On the other
hand, the BLops determined by DoD analysis presented an error range of
+769 m°, corresponding to about 11.5% of the volume observed.
Finally, BLops might be affected by a partial underestimation as the
October 2018 flood caused the complete filling of the bedload storage
area, up to its maximum capacity (Fig. 6), and therefore a certain portion
of bedload may have been transported further downstream.

4.5. Large and infrequent floods in Rio Cordon basin

The two high magnitude/low frequency floods occurred in the
catchment were caused by markedly different rainfall conditions. The
intense summer thunderstorm that triggered the September 1994 flash
flood exhibited Ismin/I15min/Isomin @about twice the Vaia storm’s values
but lasted 12 h, i.e., a total precipitation duration considerably shorter
than the 79.8 h estimated in October 2018 (Table 1). The prolonged
rainfalls of October 2018 produced the highest hydraulic forcing con-
ditions among the 34 floods recorded in the Rio Cordon since 1986
(Supplementary S1). Particularly, the estimated water discharge peak
(Qp = 16.36 + 1.14 m® s 1) and effective runoff (ER = 201.0 x 10° m®%)
were higher by a factor of 1.57 and 7.56, respectively, than those
exhibited by September 1994 flood. Despite this outstanding hydraulic
forcing, the hillslope response to the October 2018 event was modest. In
particular, the number of newly formed sediment source areas was
relatively low compared to what produced by the September 1994 flood
(Dalla Fontana and Marchi, 1994; Lenzi and Marchi, 2000). This diverse
response appears to be due to the different rainfall intensity showed by
the flood events (Table 4). However, in both high magnitude/low fre-
quency floods, the main sediment source was identified in the active
channel and, particularly, in the streambed that experienced armoured
layer removal. In October 2018, the alteration faced by the main channel
was clearly larger than in 1994, with unprecedented lateral widenings
and avulsions. This finding confirmed that, with similar unit stream
power and peak discharge, long-lasting floods can produce larger
geomorphic changes than flash floods (Costa and O’Connor, 1995;
Magilligan et al., 2015; Marchi et al., 2016). The hydraulic and
geomorphic forcing exerted by October 2018 flood triggered boulder
mobility in the Rio Cordon main channel, a condition that was previ-
ously observed only in the September 1994 event. In this sense, ac-
cording to Rainato et al. (2020), the largest element (b-axis = 1100 mm)
recovered in the bedload storage area after the October 2018 flood
suggests a critical unit water discharge (g) of 1.51 m? s1, thus, higher
thang.=1.25 m? s~ ! observed in the September 1994 flood (Lenzi et al.,
2006Db). Also in terms of bedload volume, the October 2018 flood (BL =
6800 m>) was the largest event recorded in the Rio Cordon basin, and
about one order of magnitude larger than the September 1994 event (BL
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=900 m®). Interestingly, the two high magnitude/low frequency events
showed comparable transport rate, i.e., 309 m® h™! in October 2018
flood and 323 m® h™! in September 1994 event but the latter lasted 3 h,
while, during the former, bedload persisted 22 h. The BL magnitude
expressed by October 2018 flood was also clearly noticeable in terms of
sediment yield, accounting for 79% of the total bedload delivered during
the period 1986-2018 and, then, leading to an abrupt increase over the
annual trend (Fig. 7). In light of climate change, because of which a
higher frequency of heavy rainfall event is expected (Fischer and Knutti,
2015; Peleg et al., 2020), the observed relationships Qp-BL volume and
Qp-GSD transported seem to suggest that in the near future, in the Rio
Cordon, other massive bedload transport accompanied by the mobili-
zation of coarse grain size could be awaited. Additionally, the October
2018 flood induced a peak in the temporal trend of BL/ER ratio, simi-
larly to what was caused by the September 1994 event, i.e., a condition
that favoured about a decade of increased transport efficiency (Rainato
et al., 2017).

5. Conclusions

In alpine basins, severe rainfall events and induced large floods can
influence erosion processes, sediment dynamics and landscape evolution
over large spatial and temporal scales. However, given the high
magnitude/low frequency, these events and their effects are difficult to
measure and, thus, to be documented. Additionally, even rarer are the
studies proposing a comprehensive approach that encompasses all the
main responses to the events. This work analyzed the hydrological,
geomorphic and sedimentological responses of an alpine basin (Rio
Cordon basin) to the Vaia storm, a severe weather event that affected
northeastern Italy in October 2018. In the Rio Cordon basin, the Vaia
storm resulted as a severe and persistent rainfall event, during which the
rainfall intensities for sub-hourly intervals were ordinary, while for
longer time intervals expressed RI > 50 years. The combination of
different indirect methods helped the hydraulic forcing quantification.
Despite the uncertainty associated to this approach, the analyses clearly
stressed the outstanding hydraulic forcing occurred during the flood,
pointing out the largest Qp and ER ever recorded in 34 years. These
conditions induced a moderate hillslope response, with only few new
sediment sources capable of acting as sediment suppliers to the main
channel. Instead, the precipitation favored a predominant alluvial
response of the basin, with the Rio Cordon severely altered by lateral
widening, deep streambed incision and armouring removal. In terms of
sedimentological response, the hydraulic forcing and the erosive pro-
cesses induced by the Vaia storm resulted in streambed remobilization,
boulder mobility and in a bedload volume about four times the one
produced cumulatively by the 33 previous events. Thanks to a moni-
toring program maintained over three decades, the Rio Cordon basin
offered the uncommon chance to compare characteristics and effects of
two high magnitude/low frequency floods. These two events exhibited
different rainfall and hydraulic forcing conditions that favored in the
September 1994 flash flood a hillslope response larger than in the
October 2018 event, which instead altered the main channel more
extensively. These conditions resulted in a different sedimentological
response of the basin, clearly evident in terms of bedload volume, sup-
porting the hypothesis that floods featuring high Qp (or wp) combined
with a long duration can severely influence the mountain fluvial sys-
tems. Therefore, bearing in mind the long-lasting effects induced by the
previous large and infrequent event, what can be expected for the
future? Has the October 2018 event represented the new ground zero for
the Rio Cordon basin? To answer these questions, also in the framework
of climate change, it will be fundamental to continue investigating over
the long-term this and other alpine basins to understand how they will
respond to forthcoming ordinary and high magnitude/low frequency
events.
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