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Abstract: Rarely, a close correlation between wildfires and the occurrence of channelized debris
flows has been observed in the Western Italian Alps. Only two cases in history have been reported,
after brief and localized rainfall events of moderate intensity in Italy’s Piemonte region (NW Italy)
caused debris flows, on 18 July 2005, in Verbania province (Pallanzeno municipality), and on June
2018 in Turin province (Bussoleno municipality). These phenomena occurred after a large portion
of the catchments were affected by wide wildfires in the preceding months. Debris flow deposits
showed an unusually large number of fine-grained particles, forming dark-brown mud-rich deposits
associated with burnt wood deposits. Rainfall analysis related to the period between the wildfires’
occurrence and the debris flow events, using both raingauge and weather radar data, pointed out
that the debris flows triggered in July 2005 and June 2018 were characterized by greater magnitude
but associated with less precipitation intensity rates as compared with previous mud flows occurring
just after wildfires. These behaviors can be explained by the presence of burned organic material
and fine-grained sediment, generated from the soil’s thermal reworking, which formed a thick layer,
centimeters deep, covering a large percentage of catchments and slopes. Most of this layer, generated
by wildfires” action were winnowed by rainfall events that had occurred in the months before the
debris flow events, of significant magnitude, exhuming a discontinuous hydrophobic soil surface that
changed the slopes’ permeability characteristics. In such conditions, runoff increased, corrivation
time shortened, and, consequently, discharge along the two catchments’ channels-network increased
as well. Consequently, the rainfall effects associated with rainfall events in July 2005 and June
2019 were more effective in mobilizing coarse sediments in channel beds than was typical for those
catchments.

Keywords: mass transport; burnt area; triggering rainfall; weather radar; debris flow early warn-
ings system

1. Introduction

In the scientific literature, especially from the USA, debris flows following a wildfire
are widely studied and documented. In the USA, debris flow early warning systems
(DFEWSs), which take into account wildfires, have been developed and applied for civil
protection purposes from many years through the identification of recurring factors that
link the occurrence of debris flow in areas affected by wildfires, analyzing the variations in
soil permeability induced by these fires” action [1-14].

Contrarily, a correlation between wildfires and the occurrence of debris flows has been
rarely observed or analyzed in Italy [15-18].
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The northeastern part of Italy is no exception, having only two documented historical
debris flow events between 1725 and 2020 for which wildfires were certainly a predisposing
factor.

The rarity of the occurrence of this phenomenon has represented a problem for the pre-
diction of debris flows by the DFEWS adopted in the northwestern Italian Alps, Piemonte
(northwestern Italy).

In fact, the recent debris flow events of 2005 and 2019 were not predicted by DFEWS
(the 2005 event was missed in back-analysis simulation), occurred, respectively, along the
Rio Casella (Verbania province in 2005) and in the Rio delle Foglie catchments (in 2019 in
Torino province) after they each had been beset by wildfires in preceding months.

Furthermore, these catchments were not considered capable of generating debris flow
phenomena, based on their outcropping bedrock percentage-thresholds and according to
Tiranti et al. [19]. De facto, a debris flow event has never been observed in these catchments,
before those reported in this paper, as case history.

The DFEWS, called DEFENSE (DEbris Flows triggEred by Storms-nowcasting systEm)
proposed by Tiranti et al. [20], which has been operating in Piemonte since 2010, is based
on the clay weathering index (CWI) classification of alpine catchments [20-22] and on
the outcropping bedrock percentage-thresholds [19], and predicts the initiation of debris
flows with use of storm tracking by weather radar, both in real-time and nowcasting
(one hour forecast). The rainfall-thresholds used by the DEFENSE are based on hourly
rainfall intensity (mm/h) and they are different for each type of catchment, as identified by
CWI class.

To understand the correlation between wildfires and the occurrences of debris flows,
we have conducted analyses to characterize the changes in catchments’ conditions before
and after wildfires.

The curve number method has been adopted to estimate hydrological variations before
and after wildfires, to qualify catchments’ change in response to rainfall effects. Rainfall
analyses, using both data from raingauges with 1-min acquisition time and weather radars
estimations to identify the real rainfall field distribution, are presented.

1.1. The Study Areas: Rio Casella and Rio Delle Foglie Catchments

Rio Casella and Rio delle Foglie are two small catchments of 1.64 km? and 1.37 km?
respectively, in the Western Italian Alps (Piemonte, Italy), within the municipality of
Pallanzeno in Verbania province and of Bussoleno in Turin province (Figure 1), again,
respectively. Both catchments are characterized by steep slopes and are densely vegetated.

Rio Casella

Figure 1. Rio Casella and Rio delle Foglie catchments’ location.
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From our analysis of historical debris flow events, no reports of further significant
past phenomena are known for the Rio Casella and Rio delle Foglie catchments.

1.1.1. Rio Casella Rainfall Event on 18 July 2005

On 18 July 2005, a brief and localized rainfall of moderate intensity involving the Rio
Casella catchment causing a debris flow (Figure 2). Rainfall values have been recorded by
“Fomarco” raingauge (252 m asl) closest to the catchment and located in the municipality
of Pieve Vergonte in the province of Verbania (Figure 3).

Figure 2. Debris flow deposit in channel bed.

Debris flow deposits accumulated during the event (Figure 2) were characterized by an
unusually large amount of fine-grained sediments not expected for this type of catchment,
classified as Bad Clay Maker according to Tiranti et al. [20-22]. In addition, dark-brown
mud-rich deposits have also been observed below the coarse sediments associated with
burnt wood.

The catchment of Rio Casella was affected in March 2005 by a wildfire that involved
about 1 km? of catchment area (Figure 3), corresponding to 60% of the entire surface drained
by Rio Casella. The surface wildfire of high moderate-intensity [23-25] affecting the shrub
vegetation and the ground roots of the arboreal vegetation leading to the generation of
a few centimeters thick layer formed by burnt vegetation and fine sediments (clayey silt
and fine sands) as result of thermal reworking of the soil shallow horizon by high and
prolonged temperatures.
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Figure 3. Map shows the delimitation of wildfire involving the Rio Casella catchment and nearest raingauge (Fomarco

weather station).

Post-debris flow event field observations led to the identification of a sedimentary
processes attributable to the rainfall event on 18 July 2005, and at least one or more mud
flow events attributable to rainfall events occurred during the preceding months. Indeed,
what has been observed in the first instance consist in a deposit mainly formed by coarse
grain-sizes sediments (from gravels to blocks), about three meters thick in the middle sector
of the deposit and subordinated levee deposits formed by block and gravel in a brown
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clayey silt matrix with clast-supported texture. That deposits rest on brown fine sediments
(from clayey silt to coarse sands) (Figure 4).

Figure 4. Dark-brown mud sediments below the coarse deposits of 18 July debris flow.

March—June 2005 rainfall events triggered some small mud flows responsible for
brown fine sediments deposition. The rainfall winnowing effect was responsible for the
complete mobilization of the burned material from slopes [26-28].

1.1.2. Rio Delle Foglie Rainfall Event on 7 June 2018

On 7 June 2018, a short and intense rainfall affected the Rio delle Foglie catchment
causing the activation of a muddy-debris flow with high percentage of burnt wood material
reached the alluvial fan area. The phenomenon affected part of the built-up area that rises
on the alluvial fan and reached the railway underpass. Some of the houses closest to
the alluvial fan apex area were severely damaged, while several other buildings suffered
widespread rich-sediment flooding (Figure 5).

During preceding months, smaller floods caused by widespread rainstorms affected
the catchment. The most significant events were recorded by nearest raingauge (Prarotto
raingauge) (Figure 6) on 29 April, 2 May, 9 May, and 13 May 2018, when several roads were
damaged by mud flows following rainstorms. On the contrary, the event on 9 May 2018
consisted mainly in a water flow with modest transport of solid material. The catchment
was largely affected by a wildfire in fall (Figure 6). The fire intensity [23-25] has been
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classified as medium-high in the upper part of the catchment and low in the lower-median

section.

[ catchment
—— Channel network
[ Alluvial fan
] Burned area
B Raingauge

4 L

Figure 6. Map shows the delimitation of wildfire involving the Rio delle Foglie catchment and nearest raingauge (Prarotto

weather station).
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2. Materials and Methods

To understand the role of wildfires in predisposing debris flow occurrence, especially
for catchments never involved by that phenomenon before, and to refine the DFEWS
performances some different methodologies have been integrated.

Starting from the CWI classification of small Alpine catchments and the outcropping
bedrock threshold to estimate the likely torrential processes that can occur in a catchment,
a quick and easy approach to be applied on regional scale was adopted to understand
how the catchments” hydrological conditions can change following a wildfire, and, how
these changes influence the debris flow initiation. This approach consists in assigning the
CN value to the geological (rocks and deposits) and land use units within a catchment;
subsequently, the assigned CN values are modified where these units have been affected
by a wildfire.

Moreover, to quantify the triggering causes and to evaluate the response of catchments,
raingauges and weather radars have been used to determinate rainfall events’” intensity
and distribution.

2.1. Catchments’ Classification

Recently, a classification of the Alpine catchments in three typologies has been pro-
posed starting from the dominant lithology forming bedrocks [20-22]. This classification
based on the clay weathering index (CWI) distinguishes the catchments by their dominant
lithology as follows:

(1) Excellent Clay Maker (ECM) class: identifies catchments having bedrock formed
by finely foliated fine-grained metamorphic rocks (e.g., calcschists, black shales, phyllades);

(2) Good Clay Maker (GCM) class: identifies catchments having bedrock formed by
massive and/or coarsely stratified carbonate rocks (e.g., dolostones, limestones, marbles);

(3) Bad Clay Maker (BCM) class: identifies catchments having bedrock formed by
massive and/or coarse-grained crystalline rocks (e.g., granitoids, gneisses, ophiolites).

The nature of the catchment’s bedrock influences the flow rheology, the sedimentary
processes, the depositional styles of debris flow, the architecture of the alluvial fan, the
frequency, and the mainly seasonality of debris flows” occurrence. This classification
includes the initiation conditions as a classification parameter and distinguishes for each
basin class the type of precipitation that can initiate a debris flow.

Based on the propension of a lithofacies to produce clay, clayey silt or clay-like minerals
which will constitute the fine fraction of loose material available for mobilization, there
will be mass transport processes characterized by different rheology that will drive their
initiation, propagation and deposition. The ECM and GCM catchments can yield from
abundant to discrete amount of clay, clayey silt, or clay-like minerals, from which derives
a viscoplastic behavior (cohesive) of debris flows. They debris flow’s rainfall triggering
thresholds are respectively of 20 mm/h and 30 mm/h. Whereas BCM catchments produce
negligible amounts of these sediment fine fraction, hence a collisional-frictional behavior
(non-cohesive) of debris flows, with a rainfall triggering threshold of 50 mm/h.

In addition, depending on the catchments’ bedrock outcropping density (factor oppo-
site to the extent of the vegetation cover), it is possible to distinguish the type of torrential
process most likely to occur [19]: water flows (flooding) could happen if outcropping
bedrock is greater than 10%; hyperconcentrated flows (also called debris floods) become
more likely if outcropping bedrock is greater than 20%; debris flows become highly proba-
ble if outcropping bedrock is greater than 59%.

Those classifications have been applied to 2100 Alpine catchments of Piemonte and
they represent the theoretical basses of the regional DFEWS.

2.2. Curve Number Method

Curve Number is commonly used to provide an indication of a soil’s ability to retain
water. In this paper it was applied to understand the changes of soil permeability due to its
simple applicability on high number of catchments (2100 catchments).
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The Curve Number is an empirical parameter used in the hydrological field to estimate
in a quick way the slope runoff following a rainfall. SCS Runoff Curve Number method
is developed by the United States Department of Agriculture (USDA) Soil Conservation
Service (SCS) and allows to estimate the effective rain (this term refers to the precipitation
fraction composing the direct outflow, mainly given by the surface outflow and the fastest
sub-surface outflow component) using only one parameter “S” which represents the
potential maximum water retention after runoff begins [29]. The relationship between total
rain and effective rain is represented by a family of parametric curves. The curves can be
represented by the following equation [30]:

S =25.4(1000/CN) — 10, (1)

CN = 25400 /(S + 254). @)

The CN corresponds to the curve number, while the coefficient 25.4 is still linked to
the original formulation in imperial units.

The obtained CN, a valid indicator of the runoff capacity of a soil [31], is represented
by a number between 0 and 100, where at 0 there is no production of runoff, while at 100
the entire precipitation turns into runoff. Indeed, extremes are difficult to reach, commonly
the CN varies from 15 to values close to 100.

2.3. The Rainfall Monitoring System

Regional Agency for Environmental Protection of Piemonte (Arpa Piemonte) oper-
ates a dense automatic hydrological and meteorological network made by more than
370 weather stations. The rainfall is measured by tipping-bucket automatic raingauges
with 0.2 mm resolution and 1 min time resolution. Data are collected by radio link data
transmission and stored in a database. Regular maintenance to raingauges is performed
and a real time automatic validation process is applied to the received data to detect
anomalous values. Manned validation of data is performed to detect anomalies and to
calculate daily rainfall values. For the aim of this study, the closest raingauges with the
comparable elevation and position (falling on the same side of the watershed) respect
to the catchments investigated were selected. Rainfall data recorded by “Fomarco” (for
Rio Casella) and “Prarotto” (for Rio delle Foglie) raingauges have been analyzed at daily,
hourly, and sub-hourly time-resolution considering intensity and accumulated values.

The continuous surveillance of the territory in the northwestern region of Italy is
operated by Arpa Piemonte, which manages two Doppler polarimetric C-band weather
radars, located at Bric della Croce (Torino Hill, Turin) hill and at Monte Settepani (Ligurian
Apennines, Savona) (Figure 7).

The Bric della Croce weather radar is located on the hills near Turin, at 736 m asl. It is
placed on the top of a 33 m tower and covers the Piemonte region. There are no obstacles
on the east side of the radar domain that may block the radar beam, while, on the western
side of the radar domain, the visibility is limited by the Alps and, on the southern side, by
the Apennines. The radar performs a full volume scans every five minutes. The complete
scan is made of eleven elevations between —0.1 and 28.5 degrees. Each measurement is the
result of the integration of about 50 pulses for each polarization. The range of the volume
scan is 170 km and the range resolution is 340 m. The angular resolution is one degree.
Bric della Croce radar operates in dual-PRF mode to mitigate the radar dilemma, with
frequencies of 882 and 588 Hz.
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Figure 7. Weather radars’ location (star symbols) and the location of the two catchments (red circles).

The second C-band weather radar is located on the top of Monte Settepani peak at
1386 m asl, near Savona, in the Ligurian Apennines. Monte Settepani radar has an excellent
visibility in the north and east sectors, corresponding to the Po valley and the mountain
areas of Piemonte. Monte Settepani radar performs a volume scan every ten minutes. The
volume scan is polarimetric and the acquired parameters are the same as for the Bric della
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Croce radar. The volumetric scan is composed by seven elevations between —0.3 and
14.9 degrees. The range is 136 km and the range resolution is 375 m, using short pulses of
0.5 us and PRF of 1090 Hz.

To limit the effect of beam height respect to the ground, during winter season the radar
reflectivity is corrected for vertical profile reflectivity (VPR) according to Koistinen [32].
Single radar rainfall estimations from lowest beam are merged in 800 m x 800 m resolution
composite considering maximum reflectivity, where more than one observation is available.
Finally, composite radar reflectivity is converted in instantaneous rainfall intensity (mm/h)
according to the well-known Z-R relationship:

Z=aRb, 3)

where Z is the linear weather radar reflectivity expressed in mm/m?, R is rainfall intensity
in mm/h and a = 300 and b = 1.5 are coefficients experimentally derived [33]. Further
details on Piemonte weather radar and data processing can be found in Cremonini and
Bechini [34].

2.4. Remotesensing Observations and Data

In 2000, the European Commission Joint Research Centre and DG Environment estab-
lished the European Forest Fire Information System (EFFIS) which is operating to provide
the European institutions and citizens with near real time harmonized information on
forest fires and their effects, to facilitate international collaboration in forest fire prevention
and fighting. EFFIS is component of the Copernicus Emergency Management Services (
https:/ /emergency.copernicus.eu/ (accessed on 14 August 2021).

Near-real time applications such as active fire detection and rapid damage assessment
make use of data provided by the MODIS sensor, on board of the NASA TERRA and
AQUA satellites for the detection of active fires and the mapping of burnt areas; two full
mosaics of Europe are processed daily, providing information on burnt areas produced by
wildfires. EFFIS provides the daily update of the perimeters of burnt areas in Europe for
fires of about 30 ha or larger, twice every day. Hence, small burnt or un-burnt areas below
the spatial resolution of the MODIS imagery are not mapped, including small, unburned
islands inside the burnt area.

3. Results

The bedrock of the Rio Casella catchment consists in prevalent massive metamorphic
rocks of the “Series of Gneissic Missives” formed mainly by minute gneisses, kinzigites,
micaschists, metabasites, and subordinate white silicate marbles (Figure 8). According
to the CWI classification, this lithological setting would make the Rio Casella primarily
characterized by non-cohesive debris flow processes, falling in the Bed Clay Maker (BCM)
CWI class.

The Rio delle Foglie bedrock is formed by the Dora-Maira units, by the units of
the carbonate metasedimentary cover consisting of marble and subordinate carbonate
calc-schists (Figure 9). Based on the dominant lithology forming the catchment bedrock
(massive carbonate rocks), the basin is classified as Good Clay Maker (GCM) in accordance
with the CWI classification.

The outcropping bedrock percentages of the two catchments derived from field survey
and subsequently calculated in GIS environment were

e In the case of Rio Casella, the outcropping bedrock percentage was of about 5.83%, for
a catchment area of 0.09 km?;

e Inthe case of Rio delle Foglie, the outcropping bedrock percentage was of about 1.68%,
for a catchment area of 0.02 km?.
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Figure 8. Geological interpolated map of Rio Casella from the regional geological map of Piemonte at 1:100,000 scale [35],

on field hidden by extensive colluvial cover. Outcropping bedrock and deposits identified by survey as circumscribed
polygons on interpolated map.

The areas affected by the wildfire were calculated obtaining the following results:

Wildfire affected a total area of 3.47 km? of which about 1 km? of the Rio Casella
catchment (60.16%) was affected by the wildfire (Figure 10).

The 2017 wildfire affected the Rio delle Foglie was of considerable extension with
an area of 39.75 km?. The catchment was almost entirely involved by wildfire for a total
burned area of 1.34 km?, equivalent to 97.45% (Figure 11).

3.1. Catchments CN Pre End Post-Wildfires

To obtain the CN for the two case studies, the catchments were divided in four hy-
drological groups, based on outcropping bedrock and deposits forming the catchments.
This reclassification is necessary to obtain information on soil permeability and therefore
the parameter (S). It should be noted that this procedure is very simplified, as the real-
ization of maps of real permeability would have required a considerable number of field
measurements not compatible with the application scale of this study. The resulting four
hydrological groups are the following:

e  A—high permeability, low runoff capacity, soils with high infiltration even if fully
saturated, sand or gravel deep and well drained, considerable water conductivity;



Geosciences 2021, 11, 422 12 of 24

e B—medium-high permeability, soils with moderate infiltration if saturated, fairly
drained and deep, medium-coarse texture, medium water conductivity;

e C—medium-low permeability, soils with low infiltration if saturated, a layer prevents
percolation vertically, soils with medium-fine texture and low infiltration, low water
conductivity;

e  D—low permeability, high runoff capacity, soils with very low infiltration on saturation
conditions, soils rich in swollen clay, soils with superficial clayey layer, shallow soils
on impermeable substrate. Very low water conductivity.

Lithology

[ Calc-schist
B Orthogneiss
[ Marble

] Micaschist
B Serpentinite
[ 1 Alluvial fan

—— Channel network

I

Figure 9. Geological interpolated map of Rio delle Foglie from the regional geological map of Piemonte at 1:100,000 scale [35],
on field hidden by extensive colluvial cover. Outcropping bedrock and deposits identified by survey as circumscribed
polygons on interpolated map.



Geosciences 2021, 11, 422

13 of 24

Land Use

I Urban area

SCRKREEKS
I Chestnut wood et teta oot
. . 9 0. 0.0.0. 00006~ ¢
Relict alluvial fan RRILHKNS -
_ CXHHKHKANK -,
Talus deposit , \ Q ¢
I Beech wood ; y
River bed -
Grassland o
Abandoned grassland 0 ¢
[ 0ak wood "'1;\ :
I Bedrock | | Sy |
Alluvial Fan X y
X3 Burnedarea : ,
F F A ‘ S 4
0.25 0.5 km LSRN X ‘ )
LT :

Figure 10. The Rio Casella area affected by wildfire and its intersection with land use units.

For the two case studies, the reports in Table 1 were used to assign a hydrological

group to each catchment.

Table 1. Hydrological groups and related rock and deposit types.

Rocks and Deposits Associated to the Hydrological

Hydrological Group Groups for the Two Catchments
Group D diorites, ortho- a;ld paragneisse§, micaschists,
calc-schists and serpentinites
Group C marbles
Group B eluvial and colluvial covers

Group A alluvial fans (also relict) and debris flow deposits,
p talus deposits, and rockfall deposits
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Figure 11. The Rio delle Foglie area affected by wildfire and its intersection with land use units.

The hydrological groups thus identified were subsequently crossed with the land use
units, to obtain the corresponding CN value (Table 2).

In both cases, during the pre-wildfire phase, most of the catchment surface was
characterized by hydrological group “B” (extensive and prevalent colluvial coverage), with
a medium-high permeability.
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Table 2. CN values determined by the intersection of land use units and hydrological groups,
deriving from the application of CN standard values, modified from [30,31].

Land Use Hydrological Group and Derived CN Values
A B C D
High altitude grassland 37 50 68 75
Gravel 20 22 24 26
Riverbed 23 25 28 32
Outcropping rock 80 87 93 96
Vegetated cliff 40 50 65 75
Dense wood 21 31 45 53
Sparse wood 29 38 54 61
Grassland 41 47 65 76
Urban area 92 94 96 98
Shrubby 38 45 60 70
Grassland with scattered trees 35 43 60 72
Water 99 99 99 99

The classification by hydrological groups was also applied in the post-wildfire events,
considering the burnt colluvial cover areas assimilable to outcropping bedrock-like perme-
ability due to the formation of hydrophobic soil surfaces [36-39] and therefore changing the
hydrological class accordingly. Thus, the burnt areas have been reclassified in hydrological
class “D” characterized by low permeability and high runoff capacity (like a bedrock).

Cross-referencing the hydrological group data with the land use units, as shown in
Table 2, the following results were obtained:

e Rio Casella catchment: in the pre-wildfire the average CN was 37.3. After the wildfire
CN average value increased to 70.5, for a total variation of 33.2;

e  Rio delle Foglie catchment: before the wildfire the average CN was 39.3, while after
the fire event it reached 88.2, for a total increase of 48.9.

Subsequently, considering the colluvial cover areas affected by wildfires as character-
ized by a permeability assimilable to the outcropping bedrock due to the formation of a
discontinuous hydrophobic soil surface, the following results have been obtained:

e Rio Casella catchment: the new percentage of the catchment having CN values like
outcropping bedrock is 63.59%, corresponding to an area of 1.05 km?. The percentage
variation of surface outcropping bedrock-like permeability is thus 57.76%;

e Rio delle Foglie catchment: the new percentage of the catchment having CN values
assimilable the outcropping bedrock is 97.54%, corresponding to an area of 1.34 km?,
for a percentage variation of surface outcropping bedrock-like permeability of 95.86%.

Figure 12a,b and Figure 13a,b show, respectively, changes related to the CN of Rio
Casella and Rio delle Foglie catchments before and after wildfires.

3.2. Rainfall Analysis for Rio Casella

On 18 July 2005, Piemonte was affected by convective rainfalls, with rapid movement
from the southwest and originating in proximity of Alpine and Apennine reliefs. The
Verbania province (northern Alps of Piemonte) was hit since early afternoon by moderate
intensity storms, detected by an early version of the regional weather radar systems
(Figure 14) and by raingauges of the regional monitoring network located in the area.
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Figure 12. (a) Calculated CN for the Rio Casella catchment before the wildfire; (b) calculated CN for the Rio Casella
catchment after the wildfire.
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Figure 13. (a) Calculated CN for the Rio delle Foglie catchment before the wildfire; (b) calculated CN for the Rio Casella
catchment after the wildfire.
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rainfall value of 35.4 mm corresponding to 48 dBZ.

A first rainstorm cell of modest intensity started around 12:00 UTC, when the Fomarco
raingauge recorded a peak of 6.8 mm in 30 min. The phenomenon was over in about
an hour. A second rainstorm cell affected the same area since 18:00 UTC with longer
duration and more intense precipitation. The Fomarco raingauge, close to the center of the
shower, recorded 15.8 mm in 30 min (31.6 mm/h). The Figure 15 shows the hyetograms of
hourly and cumulated rainfall recorded by Fomarco raingauge indicating an hourly rainfall
intensity of 17.2 mm in correspondence of debris flow occurrence. The daily cumulated
rainfall at the end of rainstorm events recorded on 18 July 2005 was 38.8 mm.

In Figure 16 rainfall event responsible for debris flow occurrence (in red) is compared
with rainfall events occurred in preceding months.

From analysis of rainfall after wildfire and debris flow occurrence, it is evident how
the rainfall triggering debris flow (in red) has not the higher values of the rainfall historical
series. Before and after main debris flow triggering day, higher rainfall values have been
recorded by Fomarco raingauge.
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Figure 16. Hourly and accumulated rainfall recorded by Fomarco raingauge from spring wildfire to July 2005. Debris flow

occurrence day in red.
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3.3. Rainfall Analysis for Rio Delle Foglie

On 7 June 2018, rainfall recorded by raingauges closest to the Rio delle Foglie catch-
ment show low rainfall values around the debris flow occurrence (11:30-12:30 UTC). The
Prarotto raingauge (1440 m asl, Condove, Turin), located respectively at 7.0 km from the
catchment, recorded 0.4 mm. More consistent precipitations of 15.6 mm were recorded
between 15:00 and 18:30 UTC (Figure 17).
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Figure 17. Hourly and cumulated rainfall recorded by Prarotto raingauge on 7 June 2018.
In Figure 18 rainfall event responsible for debris flow occurrence (in red) is compared
with rainfall events occurred in preceding months.
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As previous seen for the Rio Casella’s rainfall analyses, also for Rio delle Foglie some
rainfall events characterized by higher rainfall values have been recorded before the main
debris flow event.

However, given the distance of the raingauge from the catchment, as well for the
localized nature of convective precipitation, the rainfall data from these measurements
cannot be considered representative of the actual rainfall field distribution responsible for
debris flow triggering. Nevertheless, the rainfall data from the raingauge proved useful in
mitigating the uncertainty of weather radar estimations. Weather radar visibility over the
area of interest is partially limited due to the complex orography.

Considering 2.0° elevation (the first completely free elevation), the altitude of the Bric
della Croce radar observations above Bussoleno are about 2500 m asl, while the subsequent
elevation (3.0°) corresponds to an altitude from ground of about 3500 m asl.

Analyzing in detail the rainfall estimated by the weather radar, a thunderstorm was
identified, which formed around 11:45 UTC in the municipality of Chianocco (bordering
with Bussoleno) and surrounding areas and transited over the catchment in question
between 11:55 and 12:25 UTC. The intensity of precipitation estimated by Bric della Croce
weather radar in the catchment shows very intense peaks (from a single radar scanning
of 5 min) between 60 and 100 mm /h at 12:00 UTC, with an average estimated cumulated
rainfall of 12 mm in 30 min (24 mm/h) (Figure 19). This rainfall intensity corresponds to a
return period of five years. (Figure 19).

Figure 19. Rainfall intensity of 24 mm /h estimated by Bric della Croce radar between 11:55 and 12:25 UTC hit Rio delle
Foglie catchment (outlined polygon).
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As already happened for the Rio Casella events, the rainfall that occur in a period
following the wildfire have winnowed the material resulting from combustion and convey
it towards the main channel of the catchment. The burned layer winnowing can take place
in subsequent phases and ends with the complete removal of it (rainfall events preceding
the one that occurred in July 18), leaving an impoverished soil locally more impermeable
due to the formation of a discontinuous hydrophobic soli surface. The result is a perceptible
temporary decreasing in soil permeability and a consequent increasing in the runoff down
the slopes. In such conditions, the action of rainfall is more effective in mobilizing the
sediments present in the channel bed. Secondly, loose material from slopes is added in the
form of small shallow landslides passing through modest phenomena of debris flow due
to convergence towards natural impluvium and consequent channeling.

The analysis of these two case studies was thus tackled to identify them, describe their
characteristics and understand how wildfires influence the initiation of debris flows by
modifying the initial conditions of the catchments in order to integrate the new knowledge
in the DEFENSE model to correctly predict also such events and improve the overall
DFEWS performance.

The triggering of debris flows occurred in presence of rainfall of moderate intensity,
especially if compared to those that characterized the preceding months responsible for the
occurrence of mud flows of lower magnitude.

The precipitation analyses show a triggering rainfall intensity of about 17 mm/h for
Rio Casella and 24 mm/h for Rio delle foglie.

4. Discussion and Conclusions

The case studies described have allowed to draw some conclusions, both regarding
the effects of the wildfires related to debris flows initiating in small Alpine catchments and
the technical-operational adjustments related to DFEWS DEFENSE.

Both case studies, the Rio Casella and Rio delle Foglie catchments, were affected by
wide wildfires. In particular, the percentage of the basin affected by wildfire was high in
both cases: for the Rio Casella a total area of 60.16% of the catchment was affected, while
in the second case the area of the Rio delle Foglie was almost completely burned, for a
total area percentage of 97.45%. With such high percentages of burnt catchment areas, the
effects would have been very significant as predisposing factor to generate debris flows.
This hypothesis has been corroborated by the results obtained during the calculation of
the CN variation before and after the wildfires. In both cases the CN changes were very
relevant: for the Rio Casella the increasing of area having a CN value assimilable to the
outcropping bedrock-like permeability was 63.59% and for the Rio delle Foglie was 97.54%.
These changes have certainly modified the catchments response to the rainfall effect.

The importance of the percentage of catchment area having outcropping bedrock-like
permeability is a very relevant parameter [19] in increasing the rainfall effect in mobilizing
loose material necessary for debris flow triggering, due to decreasing in catchment water
infiltration capacity. Consequently, the occurrence-probability of a hyperconcentrated flow
and debris flow increases considerably: with outcropping bedrock (or bedrock-like per-
meability) percentage of less than 10% it is extremely rare to observe a flow characterized
by high sediment concertation. Above 20% the occurrence probability of hyperconcen-
trated flow is significant. Finally, by exceeding 59% the occurrence of debris flows and
hyperconcentrated flows is highly likely.

Before wildfires, the CN bedrock-like permeability total area was in both cases below
10% (5.83% for Rio Casella and 1.68% for Rio delle Foglie) with a negligible probability of
hyperconcentrated and debris flow occurrence. After wildfires the percentage of areas that
can be characterized by a permeability like a bedrock exceeded 59% (63.59% for Rio Casella
and 97.54% for Rio delle Foglie) resulting in a high probability of debris flows occurrence.

The average CN of the two catchments was 37.3 for the Rio Casella and 39.3 for the
Rio delle Foglie before the wildfires. In both cases the average infiltration capacity was
relatively high before the wildfire occurrence. After wildfires the infiltration capacity
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decreased radically, with new average CN of 70.5 and 88.2 relatively. New CN values
indicate a poor infiltration capacity making the two catchments able to generate debris
flow phenomena.

In both case studies, results show that rainfall triggered debris flow were of moderate
intensity with values under debris flows triggering thresholds by CWI classification. Rain-
fall analyses also show that historical rainfall intensities were in several cases higher than
the events of 18 July 2005 for the Rio Casella and 7 June 2018 for the Rio delle Foglie. Rain-
fall affecting a catchment after a wildfire winnowing the shallow loose material produced
by combustion on the slopes. The winnowing can take place gradually and in successive
phases in concomitance with rainfall events following wildfire in the months preceding
the main debris flow event. When the burnt loose material has been largely winnowed
from slopes, an impoverished soil surface is left exposed and locally characterized by the
presence of extensive hydrophobic top. The result is a significant and general decreasing in
soil permeability with a consequent significant increasing in runoff down the slopes that
become able to mobilize the coarse material present in the channel bed.

Previously, by the classifications carried out by Tiranti et al. [20] on which the DE-
FENSE DFEWS is based, the two catchments were characterized as follows:

e Rio Casella: BCM (Bad Clay-Maker) with return-period for rainfall triggering thresh-
old value (>50 mm/h) of 20 years (for Toce river’s basin area), but non capable to
generate hyperconcentrated or debris flow due to low bedrock outcropping percentage
(5.83%);

e Rio delle Foglie: GCM (Good Clay-Maker) with return-period for rainfall triggering
threshold value (>30 mm/h) of 20 years (for Susa Valley area), but non capable to
generate hyperconcentrated or debris flow due to low bedrock outcropping percentage
(1.68%).

After wildfires both the catchments become able to generate hyperconcentrated or
debris flow phenomena due to the variation of the area with CN like a bedrock permeability
with triggering threshold values decreased, respectively 63.59% and 97.54%.

After wildfires, the rainfall triggering value was 17.2 mm/h (instead of 50 mm/h
referred to CWI classification) corresponding to a return period less than five years for Rio
Casella, while for the Rio delle Foglie the triggering rainfall value was 24 mm/h (instead
of 30 mm/h referred to CWI classification) corresponding to a return period of five years.
These new triggering threshold values (respectively lower than 66% and 20% referred to
CWI classification rainfall-triggering values: 50 mm/h for BCM and 30 mm/h for GCM
catchments), demonstrate how after a wildfire in small Alpine catchments the rainfall event
necessary to initiate a debris flow is characterized by a reduced intensity and, consequently,
a likely greater frequency of debris flow occurrence.

In the light of this study, it is therefore possible to envisage new thresholds, cor-
responding to the peaks of the events triggered debris flows, must be used within the
framework of the DEFENSE in case of catchments are affected by wide wildfires. The
integration of these new temporary thresholds (wildfire-induced) can be useful to allow
the system to improve its performance for debris flow prediction triggered in conditions
like those here analyzed. Moreover, the methodology here proposed shows a simple and
quick application to large number of catchments (regional scale or more). Indeed, having
all the necessary thematic maps (catchments and alluvial fans distribution and delimitation,
geology map, bedrock outcropping map, land use map, wildfire delimitation collected from
satellite in real time) processable in GIS environment, it is possible to obtain the CN values
modifications after a wildfire in near real-time, so the DFEWS can modify the response
to the rainfall (decreasing the threshold values) for catchments affected by the fire in an
automatic way. This methodology eliminates the need to carry out field surveys to assess
changes in a given catchment as a result of wildfire action, making the DFEWS response
immediate.

Obviously, due to the uncertain linked to statistically results just based on two case
studies (moreover, ECM catchments are not included in this work) it will needed to widen
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the research to many more cases to define the degree of reliability of the methodology here
presented. It is relevant to highlight how Rio Casella data are the result of a less advanced
technology than those of the Rio delle Foglie, both regarding weather radar estimation
and the mapping methodologies adopted to wildfire delimitation (by field observations
because the Copernicus project has not yet been available in 2005), so the obtained results
and deriving consideration could be characterized by more uncertain compared with those
of the Rio delle Foglie.

Further case studies are also needed to better estimate the time required to renor-
malize the thresholds both for rainfall values and outcropping percentage (bedrock like
permeability) due to vegetation regeneration.
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