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Role of soil hydrologic conditions and rainfall for torrential flows in the Rebaixader catchment

Abstract Torrential flows (debris flows and debris floods) are
mainly triggered by precipitation and soil hydrological processes.
Most early warning systems in torrential catchments are rainfall-
based. However, this approach can result in frequent false positives,
due to its pure black-box nature, in which soil water conditions
are neglected. We aim to contribute to the understanding of the
conditions required for triggering torrential flows by considering
also in situ measurements of soil water content. Herein, monitoring
data of 12 years of rainfall and torrential flow occurrence (2009-
2020) and 8 years of soil hydrologic conditions (2013-2020) in the
Rebaixader catchment (Central Pyrenees, Spain) are analyzed. The
dataset includes more than 1000 rainfall events and 37 torrential
flows. First, rainfall thresholds using maximum rainfall intensity
(I,,.x) and mean intensity (I,,.,,) are defined. For the 2013-2020
dataset, which includes 15 torrential events, the I, threshold pre-
dicted 2 false negatives and 73 false positives (positive predictive
value, PPV, of 15.1%) and the best I, threshold predicted also 2
false negatives but only 11 false positives (PPV of 54.2%). However,
our observations confirmed quantitatively that the lower is the soil
moisture the higher is the rainfall intensity to trigger torrential
flows. Then, we combined I ,, and volumetric water content at 15
and 30 cm depth to define a hydro-meteorological threshold. This
latter threshold reduced false negatives to 1 and false positives to
8 and increased the PPV to 63.6%. These results confirm that soil
hydrological conditions are key factors for torrential flow triggering
and may improve early-warning predictions.

Keywords Monitoring - Torrential flows - Rainfall - Soil moisture -
Rainfall threshold - Hydro-meteorological threshold

Introduction

Torrential flows, like debris flows and debris floods, are mixed
masses of debris and water that move at high velocities in steep
channels in mountainous regions (Godt and Coe 2007; Hungr et al.
2014). The properties of these flows range between those of water
floods and dry rock avalanches, depending on how solid and fluid
forces interact in the flow dynamics (Iverson 1997). In addition to
their relative high velocities, torrential flows are characterized by
long runout distances and great impact forces (Jakob and Hungr
2005). The flow characteristics, paired with the fact that human
settlements and activities have increased in mountainous regions,
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turn torrential flows into one of the most important hazards (e.g.,
Takahashi 2014). Therefore, understanding the triggering and
initiation mechanisms of these flows is crucial to mitigate theirs
socio-economical losses (Jakob and Hungr 2005; Chen et al. 2019).

The initiation and triggering mechanisms of debris flows and
debris floods involve many factors like sediment availability, slope
angle, groundwater conditions (Iverson et al. 1997; Brayshaw and
Hassan 2009; Takahashi 2014), and rainfall (Wieczorek and Glade
2005). Moreover, snowmelt can combine with rainfall to trigger
torrential flows in late spring and early summer (Church and
Miles 1987; Abancd et al. 2016; Mostbauer et al. 2018). Initiation
mechanisms, or how debris sediments are transformed into flow-
ing debris, are generally complex and not fully understood. Debris
flows or floods can result from the occurrence of slope mass failure
that later evolves into torrential flow, or from progressive channel
bed and bank erosion due to intense runoff (Pastorello et al. 2020).
In the first case, debris flow occurrence is mainly related to rainfall-
induced instability of slope superficial debris layers (Iverson et al.
1997; Takahashi 2007; Imaizumi and Sidle 2007; Berger et al. 2011),
whereas it is more likely associated to the reach of critical runoff
rate (or critical surface discharge) (Berti and Simoni 2005; Coe
et al. 2008; Gregoretti and Fontana 2008; Simoni et al. 2020) in the
second case.

Whatever is the initiation mechanism, flowing mass mobiliza-
tion is controlled by slope hydrological response to rainfall. The
latter is usually characterized by discriminating between predis-
posing (e.g., soil moisture, topography, thickness of sediments)
and triggering (e.g., rainfall) factors (Bogaard and Greco 2016).
Hydrological data can be directly monitored in the field (Walker
et al. 2004; Ochsner et al. 2013), or using remote sensing technolo-
gies (Zhao et al. 2010) or by model (Ponziani et al. 2012). Alterna-
tively, in absence of measurements, hydrological conditions can be
estimated from current and antecedent rainfall records by using
simple infiltration (Chleborad et al. 2008) or hydrological regional
models (Zhao et al. 2020). This last approach suffers however the
limitations that the relationship between antecedent rainfall and
antecedent soil moisture is indirect, as the result of the coupled
interactions between several processes like infiltration, evapotran-
spiration, snowmelt, and drainage (Brocca et al. 2008).

As a consequence, monitoring of rainfall and groundwater
hydraulic variables (soil moisture, pore water pressure) appears to

Landslides |


http://orcid.org/0000-0003-4722-7838
http://orcid.org/0000-0003-0119-1438
http://orcid.org/0000-0003-3579-9652
http://orcid.org/0000-0001-9686-656X
http://orcid.org/0000-0001-7991-8487
http://crossmark.crossref.org/dialog/?doi=10.1007/s10346-022-01975-8&domain=pdf

| Original Paper

be a fundamental task for a better understanding and prediction of
slope hydrological response in the initiation zone of torrential flow.
This task is however often made difficult by the field conditions pre-
vailing in mountain areas prone to torrential flows: harsh climatic
conditions, difficult access, steep slopes covered by unconsolidated
debris, rockfalls and other hazardous phenomena, etc. (Berti et al.
2000; Comiti et al. 2014). In addition, full understanding of torrential
mechanisms requires monitoring debris mass flow dynamics in the
run-out zone (Abancé et al. 2014; Bel et al. 2017; Hiirlimann et al.
2019b). When feasible despite of these difficulties, field monitoring
provides data of high interest, susceptible to be used for the defini-
tion of initiation thresholds in Landslide Early Warning Systems
(LEWSs), an essential tool for debris flow detection and prediction.

Current prediction tools rely mostly on rainfall thresholds in
terms of rainfall intensity and duration (ID) (or other similar rain-
fall characteristics) (Caine 1980; Crosta and Frattini 2001; Gregoretti
and Fontana 2007; Guzzetti et al. 2008), although it is well-known
that the hydrological conditions previous to the triggering rainfall
play a crucial role in debris flow initiation. Some recent studies
have included subsurface hydrological variables, such as pore water
pressure or soil moisture, in the definition of the thresholds (Glade
et al. 2000; Godt et al. 2006; Ponziani et al. 2012; Bogaard and Greco
2018; Mirus et al. 2018b; Marino et al. 2020). For example, Mirus
et al. (2018a) improved the rainfall threshold defined by Scheevel
et al. (2017) by replacing the antecedent rainfall with the average
saturation obtained from direct volumetric water content (VWC)
measurements over the same timeframe.

This work analyzes the effect of both rainfall and hydrological
slope conditions on the triggering of debris flows and debris floods
in the Rebaixader catchment (South Central Pyrenees, Spain). For
this purpose, we analyze VWC and suction measurements in the
initiation area of Rebaixader torrential flows together with rainfalls
and mass movement occurrences. In a first part, the relevance of
using specific rainfall characteristic values (mean and peak values
of different durations) for the computation of triggering thresholds
is investigated by statistical analysis of flow events over the period
2009-2020. In a second part, we study the improvement in predic-
tion provided by the use of hydro-meteorological thresholds, which
consider both rainfall maximum intensity and current value of VWC
at an appropriate location within the slope. It should be highlighted
that the definition of hydro-meteorological thresholds is novel in
the Rebaixader catchment and intends to improve the triggering
thresholds based exclusively on rainfall parameters (i.e., mean rain-
fall intensity), which have been defined in previous studies (Abancé
etal.2016; Oorthuis et al. 2021). Last but not least, the implementation
of both rainfall and hydro-meteorological thresholds into a LEWS for
torrential flow prediction is validated using the year 2019 as example.

Materials and methods

The Rebaixader catchment

General settings

The Rebaixader catchment is a small first-order basin tributary of

the Noguera Ribagorzana River, located in Southern Central Pyr-
enees (42°32'57.02” N 0°45'12.57” E), which shows a typical torrential
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morphology (Figure 1). The source area is a concave scarp draining
0.53 km” with a slope of 35° in average and 70° in maximum, where
the debris flows and debris floods initiate. The channel below the
initiation zone is not very long (150 m and 8-10 m wide) with an
average slope of 21°. At the lower part of the basin, there is a small
deposition fan (0.09 km? extent) with a mean slope of 8°. The eleva-
tion ranges from 2475 to 1345 m a.s.l,, at the fan apex.

The source material is a glacial till deposited during the Last
Glacial Maximum, and 15 to 20 m thick, thus providing almost
unlimited material for torrential flows (Hiirlimann et al. 2014). The
bedrock consists of Paleozoic slates and phyllites (Mufoz 1992).

The till is mainly composed by sandy gravels and large boulders.
The fraction of fines (silt and clay) is minor but variable. Two lay-
ers are distinguished in the deposit. The lower one is a subglacial
till overlying the bedrock, which has a higher proportion of fines
and a lower porosity than the upper one that is a supraglacial till.
Geotechnical properties of the two soils are indicated in Table 1 and
Fig. 2. The geotechnical properties were obtained from field and
laboratory tests mainly from repacked soil samples after removing
the cobbles (<100 mm). Regarding the strength parameters, effec-
tive cohesion and effective friction angle were obtained in previous
studies from large direct shear tests (Costa 2014).

The climate in the area is mainly affected by the orographic
effects of the Pyrenees, the westerly winds from the Atlantic, and
the closeness to the Mediterranean Sea. The mean annual precipi-
tation in the site fluctuates between 800 and 1200 mm (Abancé
et al. 2016).

Availability of granular sediment and steep slopes predisposes
the basin to torrential flows while amount of water input by rain-
fall provides the main triggering factor in the Rebaixader catch-
ment. Previous analyses of rainfall in the catchment showed that
most of the debris flows and debris floods were triggered by short-
duration and high-intensity rainfalls, mainly associated with sum-
mer convective rainstorms from June to September (Abancé et al.
2016; Oorthuis et al. 2021). Other torrential flow events, as well as
rockfalls, have been observed during spring and were affected by
snowmelt (Hiirlimann et al. 2010, 2012). In addition, some minor
torrential activity has been observed during autumn, which is gen-
erally triggered by long-duration and medium intensity rainfall
events. The frequency of torrential events is close to one debris
flow and two debris floods per year. The estimated volumes range
from 100 to 16,000 m?, corresponding to the smallest debris flood
and the largest debris flow, respectively.

Monitoring description

The Rebaixader site presents a high torrential activity, which, in
addition to the limited size of the catchment and the lack of protec-
tive measures, makes this catchment an ideal location for hosting
a monitoring system. The monitoring in the catchment started in
2009 with the aim of detecting torrential flows such as debris flows
and debris floods. For this purpose, two monitoring stations were
installed in the channel area and lower part of the catchment: the
meteorological station METEO-CHA, and the FLOW-WR station,
which focuses on the detection and analysis of the flow dynamics.
Since then, the monitoring system has been maintained and further
improved. It includes today four active stations (Figure 1c).
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Table 1 Soil properties obtained from field and laboratory tests mainly from repacked soil samples and after removing the cobbles
(<100 mm). Strength parameters (¢’ effective friction angle and ¢’ effective cohesion) were obtained from large direct shear tests (Costa 2014)

Material type

Supraglacial

Subglacial

Gravel content (%) 54.9-56.3 381" GSD, by sieve

Sand content (%) 28.8-41.2 40.5" GSD, by sieve

Fine content (%) 2.1-8.8 21.4 GSD, by sedimentation

Dry density (p,) (Mg/m?3) 1.82" 1.66-1.92 Field and laboratory test

Density of solid particles (p,) (Mg/m3) 2.57-2.62 2.56-2.7 Pycnometer test (lab.)

Soil moisture (w) (%) 6.1-16.5 6.7-22.2 Oven drying (lab.)

Porosity (n) (=) 0.29" 0.25-0.39 Laboratory test

Saturated hydraulic conductivity (K,,,) (m/s) 4.06X10 °-2.53 X10™* ND Infiltration test (lab. and
field)

Effective soil friction angle (¢) (°) 40-45 ND Large direct shear test (lab.)

Effective cohesion (c’) (kPa) 0-4 ND Large direct shear test (lab.)

*: only one test performed; ND, no data; GSD, grain-size distribution

The METEO-CHA station is located next to the channel. It
consists of a tipping bucket rain gauge with a resolution of 0.2 mm,
an air temperature sensor (measurement range — 40° to+70 °C),
and a relative humidity sensor (measurement range o to 100%).
The FLOW-WR station consists of five geophones distributed along
the channel, two flow depth sensors, and a video camera. This is
the most important station as it detects the passing torrential
flows and allows characterizing its main properties (flow type,
velocity, flow depth, and volume). Two infiltration stations were
installed within the supraglacial till layer at the highest part of
the open scarp on a steep (30-40°) and bare slope, and close to
the most active part of the initiation area: INF-SCARP1 station
(installed in 2012) and INF-SCARP2 station (installed at the end
of 2015). These infiltration stations are recording a total of eight
soil volumetric water contents (VWC) at depths between 5 and

Fig.2 Grain-size distribu-

50 cm (measurement range 0-0.57 m*/m?®) and measure soil matric
suction (measurement range 5-500 kPa) and soil temperature
(measurement range — 40 °C to+50 °C) at 15 and 50 cm depth.
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a suction range of 9 to 100,000 kPa. Nevertheless, the installed
matric suction sensors can exceed the upper bound of 500 kPa,
despite lower measurement accuracy. The soil VWC and matric
suction sensors, installed in the near surface, aim to improve the
knowledge of the effects of soil hydrologic conditions on rainfall
infiltration and runoff, which is known to trigger torrential flows
in other catchments (Berti and Simoni 2005). In this sense, the
precise initiation mechanisms for the triggering of torrential
flows are complex and may be divided into two different types:
due to shallow landslides connected to the channel network or by
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surficial erosion due to intense rainfall runoff. In the first scenario,
a shallow landslide caused by rapid infiltration in the surficial
soil layer may evolve into a torrential flow if the slope failure is
connected to the channel network (Rickenmann 2016). In the
second case, torrential flows may develop from intense erosion and
progressive sediment entrainment during rainfall runoff (Simoni
et al. 2020). That said, the instruments may be not installed
sufficiently deep to necessarily account for a shallow perched water
table. Figure 1bshows the installation of the soil VWC and matric
suction sensors at theinfiltration station INF-SCARP1.

The FLOW-WR station has a low-frequency sampling rate
of 2 h due to power and data management limitations. Under
non-event conditions, it takes daily images of the channel cross

section. Under event conditions, if a given ground vibration
threshold is exceeded, FLOW-WR station samples sensors at 1 Hz
and turns on the video camera (Abancé et al. 2012; Hiirlimann
et al. 2014). Conversely, the meteorological and infiltration sta-
tions have a constant sampling rate of 5 min. In addition, all the
stations installed in the initiation area are connected to a com-
mon wireless sensor network (WSN), which uses a long-range
wireless technique to transmit the data. All the monitored data
are sent to the university server by GSM/GPRS communication,
while multiple solar panels and batteries supply power to the
monitoring stations. Table 2 summarizes the sensors that are
actually installed at the Rebaixader monitoring site; for further
details, see Hiirlimann et al. (2014, 2019a).

Table 2 List of the sensors installed at Rebaixader monitoring site. More detailed information can be found in Hirlimann et al. (2014, 2019a).

Station Process (predisposing/  Parameters (range) Sensor model (n° of Installation Installation
triggering/dynamics) sensors) depth (cm)  year
Open scarp INF-SCARP 1 Predisposing Water potential (—5 Decagon MPS-2 (2) 15 2012
(initiation mechanisms to—500 kPa) and
. 50 2012
area) soil temperature
(— 40 to 60 °C)
Volumetric water Decagon 10HS (4) 5 2018
content (o to 0.57
D) 15% 2012
30%* 2012
50 2012
INF-SCARP 2 (left Predisposing Volumetric water Decagon 10HS (2) 15 2018
vertical profile) mechanisms content (o to 0.57
20 2015
m3/m?)
INF-SCARP 2 (right Decagon 10HS (2) 10 2018
vertical profile)
30 2015
Channel METEO-CHA Predisposing Rainfall (0.2 mm/ Decagon ECRN-100 - 2009
and triggering tip), air (1)
hani t t —40°
mechamsms SO (ST Campbell Scientific 2009
to+70 °C), and CS215 (1)
relative humidity d
(0 to 100%)
FLOW-WR Flow dynamics Ground vibration Geophones Geospace 2009
20 DX (5)
Flow dynamics Flow depth (350 to  Ultrasonic sensor 2009
6000 mm) Pepperl + Fuchs
UC6000-30GM-
IUR2-V15 (1)
Flow dynamics Flow depth (max. Radar sensor 2015
30 m) VEGAPULS SR
68 (1)
Flow dynamics Visual observation  Video camera 2011
Mobotix
MX-M12D-Sec-

DNight-D43N43 (1)

*VWC sensors selected for the definition of hydro-meteorological thresholds
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Threshold types and definitions

Thresholds for debris flows and debris floods usually correspond
to critical rainfall characteristics, which, when exceeded, are prone
to trigger a torrential flow event (Guzzetti et al. 2007). Such thresh-
olds are defined by discriminating rainfalls that trigger an event
from those that do not. In this study, we evaluate and compare two
types of thresholds. The first and most common type relies only on
rainfall characteristics and will be subsequently named as “rainfall
threshold.” The second type combines both hydrologic soil con-
ditions (predisposing factors) and triggering rainfall character-
istics and will be subsequently referred as “hydro-meteorological
threshold.”

Rainfall versus hydro-meteorological thresholds

Rainfall thresholds can be based on several rainfall parameters. One
threshold commonly used is expressed as a relationship between
rainfall mean intensity (I,,.,,, mm/h) and duration (D, h). It is
drawn as aline in the graph I . -D where the x and y-axes are plot-
ted in logarithmic scale to capture rainfall data of multiple orders.
I can-D thresholds are generally fitted by a power law equation:

mean

I =aDb (1)

mean

with a being the intensity of a rainfall event of unit duration,and b
the slope of the log-plotted threshold line.

A second type of threshold is expressed by values of maximum
rainfall intensity for selected rainfall durations (I, 4,,) and takes
the form:

I

max_dur —

¢ (2)

where cis a constantand I, 4, is the value of maximum intensity
necessary to trigger torrential flow for duration dur. In this work,
six durations have been considered: 5, 10, 15, 20, 30, and 60 min. It
results in a graph where maximum rainfall intensities are plotted
in the y-axis.

Hydro-meteorological threshold is defined as a relationship
between soil volumetric water content (VWC) at the start of the
considered rainfall event, reported on the x-axis, and maximum
rainfall intensity, plotted in the y-axis. In the present work, VWC
monitored at two depths (15 and 30 cm) in a profile located at the
scarp of the slope (INF-SCARP1) will be used as they have the long-
est and most complete VWC time series. To determine the hydro-
meteorological threshold, the maximum rainfall intensities given
by Eq. (2) will then be plotted against VWC for the six different
time durations previously mentioned. This results in six hydro-
meteorological thresholds at each sensor depth, expressed by the
following linear equation:
=1

mq

Ihydro—meleo ax_durVWCdepth =dVWC +e (3)

where L., gurvwcdepn 1S the value of maximum intensity necessary
to trigger torrential flow for duration dur when considering VWC
at the start of the rainfall event at depth 15 or 30 cm, d is the slope,
and e is the y-intercept when VWC =o.

The rainfall intensity used in these different concepts may rep-
resent an “instantaneous” measure of the rainfall rate, or an average
value of precipitation, depending on the length of the observation
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period (in: Guzzetti et al. 2007). Particularly, the mean rainfall
intensity used in the I, -D approach does not consider intensity
variations during rainfall event, which can lead to underestimate
the rainfall intensity that actually triggered the torrential flows.
I ean-D thresholds ignore thus other information contained in the
rainfall time series, such as peak intensities and antecedent rain-
fall conditions (Hirschberg et al. 2021). Some studies show that
the variability of the rainfall intensity, or the shape of the rainfall
hyetographs, can strongly influence the triggering of landslides
(D’Odorico 2005; Peres and Cancelliere 2014). Furthermore, maxi-
mum rainfall intensities have been shown to have high predictive
power at high temporal resolutions (<10 min) (Abancé et al. 2016;
Bel et al. 2017; Hirschberg et al. 2021). This suggests that maximum
rainfall intensity at time of landslide triggering would be a better
characteristic than the I, value, which supports the definition
of thresholds based on Egs. (2) or (3).

Available data
Before analyzing the performance of the different thresholds, it is
necessary to define criteria for identifying rainfall events and to
standardize the way in which threshold variables are computed.
Particularly, the computation of rainfall duration is not straight-
forward, as there could exist several overlapped rainfall events
or long episodes of low rainfall before and after a high precipita-
tion event. In this work, according to Abancé et al. (2016), only the
rainfall events delimited by a period of no rainfall for at least 1 h
before and after the event are considered. Once defined the rain-
fall events, episodes with total precipitation of less than 0.4 mm
were removed. As a result, 1037 events have been analyzed between
2009 and 2020: 1000 without triggers of torrential flows and 37
associated to occurrence of torrential events. In the following, this
inventory will be referred as the rainfall dataset and includes all the
monitored rainfall events and all the torrential flows detected in
the catchment since the monitoring started. Each rainfall event was
then characterized with the following parameters: total precipita-
tion, P, (mm), total duration, D (h), mean rainfall intensity, I ...
(mm/h), and by six maximum rainfall intensities, I, 4,, (mm/h)
for 5,10, 15, 20, 30, and 60 min. The rainfall dataset (2009-2020) is
further used in this work to assess and compare the performances
of the I .,,-D vs I, 4, rainfall thresholds over a longer period.

In parallel, a hydro-meteorological dataset has been set-up by
adding VWC measurements to the rainfall dataset. VWC measure-
ments include all data prior to the start of rainfall events (VWC))
listed in the rainfall dataset and monitored at 15 and 30 cm depth
at INF-SCARP1 station. Due to several technical problems of short
duration, VWC recordings present some missing data. Because
of that and the fact that the INF-SCARP1station was installed
in the late 2012, the hydro-meteorological dataset has a shorter
time period than the rainfall dataset and includes 15 triggering
events and 470 non-triggering events with both VWC and rain-
fall data between 2013 and 2020. The hydro-meteorological dataset
(2013-2020) is used to compare the performance of rainfall and
hydro-meteorological thresholds.

Finally, in both the rainfall and hydro-meteorological dataset,
a correction has been applied on rainfall data during the last tor-
rential flows season (2020). Indeed, the rain gauge clogged twice
during this period, leading to time intervals with no rainfall
records. Missing data have been then completed by means of a



correlation established between rainfalls observed in 2016 and 2017
at METEO-CHA station and at a rain gauge (https://altaribagorca.
smartyplanet.com/ca/estacions/estacio/228/smartis/) located at a
distance of 1800 m from our meteorological station.

Evaluation of threshold performance

The rainfall and hydro-meteorological threshold equations (Eq. (1),
(2), and (3)) were calibrated and evaluated by means of different
scoring metrics from the receiver operating characteristics (ROC)
and precision-recall curves (PRC) analysis (Fawcett 2006). First,
the confusion matrix was obtained for any given threshold, thus,
for any combination of a and b in Eq. (1), cin Eq. (2),and d and e
in Eq. (3). The confusion matrix counts the four possible outcomes
output by the threshold prediction: TP (true positive or true alarm),
FP (false positive or false alarm), TN (true negative or true non-
alarm), and FN (false negative or failed alarm). Second, the follow-
ing evaluation/scoring metrics were computed for each threshold:

TP
TPR = True positive rate or Sensitivity = Recall = ——
p 'y TP+EN W
FPR = False positive rate or Specificity = P
= p p Y = P+ IN (5)
Precision orPositive predictive value = _IP 6)
P TP + FP
2 Precision - TPR TP
F, — score = =2 — =
! L Precision+ TPR TP 4+ Y(FP + FN)
Precision TPR 2

(7)

The most popular evaluation method for landslide thresholds is
the ROC curve and the area under the curve (AUC), which relates
the trade-off between the TPR and the FPR. This method is, how-
ever, not the most robust and easy to interpret when the negative
class, or non-triggering events, is the majority class (Fawcett 2006;
Saito and Rehmsmeier 2015). In our case, both rainfall and hydro-
meteorological datasets are highly imbalanced as they present a
very low number of positive events, i.e. events that triggered a tor-
rential flow, compared to the high number of non-triggering events.
When comparing thresholds with an elevated number of TN events,
the FPR scores are low and the resulting ROC curves and AUC are
more difficult to compare and to interpret. Hence, the precision-
recall or precision-TPR curves (PRC) are more informative and
appropriate for our evaluation, since the large number of TN events
does not affect the precision, neither the recall metric.

Torrential flow thresholds aim at maximizing the prediction of
TP events while minimizing the FP and FN events, which results in
a higher F -score. The F,-score weights precision and TPR equally
and is the most often used variable when learning from imbal-
anced datasets (Weiss 2013). Therefore, we select and optimize every
threshold equation (I,,,.,,-D; I, gup @2nd hydro-meteorological) by
maximizing the F,-score and under the premise that the largest
debris flows are predicted as TP events. Another consideration for
threshold selection is that the number of torrential events correctly
predicted is higher than 85% (TPR > 0.85).

In continuation, we will present an example for the rainfall
I ean-D thresholds and the ROC and PRC curves (Fig. 3). A thresh-
old with a perfect skill is represented as a point in the ROC space
at TPR=1and FPR = o, while it is defined in the PRC space at Preci-
sion=1and TPR=1. First, the I, -D threshold with the best per-
formance and highest F,-score is plotted (Fig. 3a, Threshold 1). The
best-fitting threshold is represented in the ROC and PRC space as
a point (Threshold 1in Fig. 3b and ¢, respectively). Second, the ROC
and PRC curves are obtained by varying the y-intercept between the
minimum (Fig. 3a, Threshold 2) and the maximum (Fig. 3a Thresh-
old 3) y-range and while keeping the slope of the curve constant.
This results in a point in the ROC and PRC space for every com-
puted y-intercept and for a fixed threshold slope. The ROC and PRC
curves are then plotted by joining the resulting points. Threshold
4 defines the minimum I, -D threshold for the triggering of tor-
rential flows. The PRC and ROC curves are a valuable tool for the
evaluation and interpretation of the threshold performance. How-
ever, ROC curves (Fig. 3b) can be misleading when compared to the
PRC curves (Fig. 3¢): the elevated number of TN events diminishes
the FPR and does not truly reflect the high number of FPs or false
alarms. This results in a quite optimistic ROC curve, even if the
number of FPs is high related to the lower number of TPs, in com-
parison with the PRC curve. This is not the case of the PRC curve,
which is more informative when dealing with imbalanced datasets,
as it does not rely on the correctly predicted non-triggering events.
Therefore, the PRC approach better represents the variability of the
thresholds performance in torrential flow detection.

Results and discussion

Monitoring data analysis

VWG, suction, and daily rainfall time series from January 2016
to October 2020 are shown in Fig. 4. This period covers the most
complete and continuous recordings at the infiltration station INF-
SCARP1, although some data are missing due to technical problems.
Note that the VWC readings at 5 and 50 cm depth are only available
since June 2018. In addition, vertical dashed lines indicate the tim-
ing of the peak discharge of torrential flows as they pass the radar
and US sensors at the FLOW-WR station.

Time series evidence the seasonal fluctuation of soil water
variables, driven by meteorological variations of precipitation and
also snowmelt and evapotranspiration. Generally, higher VWC and
lower suctions are observed during spring and are related to heavy
rainfalls and to possible water supply due to snowmelt (Hiirlimann
et al. 2010). In contrast, high suction values and low VWCs are
mainly developed during the summer months. On top of the sea-
sonal fluctuation, daily variations with magnitude of about 25% of
the seasonal variations can be observed as the result of the daily
cycle of evaporation and, when applicable, hourly rainfalls.

It can be seen from Fig. 4 that torrential flows are triggered
between late spring and early fall and not necessarily due to the
heaviest rainfalls in terms of daily precipitation. Soil hydrologic
state previous and during torrential flows appears also to vary
from one event to other: suction and VWC can range from dry
(VWC = 0.10 m3/m3 and suction>1000 kPa) to wet (VWC = 0.34
m3/m3 and suction ~ 5 kPa) conditions. This demonstrates that
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Fig.3 Methodology for the evaluation and interpretation of the
threshold performance using the |..,,-D threshold for illustration.
a Example of rainfall I,.,,-D thresholds with the best performance
(Threshold 1). The ROC (b) and precision-recall (c) curves are defined
by varying the y-intercept while keeping the threshold slope con-

the full-saturation of the sediment layer in the near surface is not
a required condition for the initiation of debris flows and debris
floods, as can be stated by the three last torrential flow events of
2017 where both VWC and suction measurements indicated partial
saturation. Thus, the hillslopes can remain unsaturated at the moni-
toring site during the initiation of torrential flows.

Table 3 presents the torrential flow inventory since the instal-
lation of the infiltration station INF-SCARP1 (June 2013 to August
2020). Torrential flows of year 2014 and year 2015 were not added,
as both the VWC at 15 and 30 cm depth were missing for these years.
No torrential events were detected during 2016. As a result, the final
inventory includes 7 debris flows and 8 debris floods. For each of
them, VWC measurements at 5,15, 30, and 50 cm depth and rainfall
characteristics are indicated.

Data in Table 3 indicate that torrential flows in the Rebaixader
catchment are mainly triggered by short duration and high inten-
sity rainfalls between 12:00 and 18:00 h UTC. These rainfalls are
strongly related to convective storms, which are generally shorter
than 3 h and have maximum rainfall intensities ranging from 48
to 120 mm/h regarding the 5s-min recording rate (4 to 10 mm in
5 min). Data also indicate that long duration triggering rainfalls
are characterized by lower mean intensity than short duration
rainfalls.

\ Landslides

@ Debris flow @ Debris flood /\ No event

Threshold# € 1 ¥ 2 A 3 B 4

stant. In all plots, Threshold 1 has the best performance; Threshold 2
defines the lower limit in the I .,,-D plot, while Threshold 3 defines
the higher limit; Threshold 4 defines the minimum | .,,-D threshold
for torrential flow detection

This aspect has to be related to VWC measurements. The latter
generally reveal that higher rainfall intensities are required to trig-
ger torrential flows when the soil is in a rather dry initial condition
(e.g., VWC between 0.07 and 0.18 for flow 7,8, 9, and 15). Conversely,
lower triggering rainfall intensities are observed when the soil is
initially wetter (e.g., VWC between 0.22 and o.30 for flow 1,3, 4,5, 12,
and 14). In any case, largest debris flows (volume > 9000 m? for flow
3,12,and 13) were preceded by medium to high VWCs (in the range
of 0.18 to 0.30 at all depths) and were not triggered by the heaviest
rainfalls in terms of rainfall intensity and total rainfall amount.
All this suggests that the triggering of torrential flows depends on
both the hydrologic soil conditions and the rainfall characteristics.

Figure 5 presents a detailed view of soil water content (VWC)
time evolution at infiltration stations INF-SCARP1 and INF-
SCARP2 during three selected events. The first two events (first two
columns in Fig. 5) correspond to short duration and relatively high
intensity rainfalls that triggered a debris flow (June 6, 2020) and
debris flood (August 28, 2020), respectively. The third event (third
column in Fig. 5) corresponds to a long duration and low intensity
rainfall, which did not trigger any torrential flow. Soil is quite wet
in the 1st and 3rd event and drier in the 2nd event.

Figure 5c and f evidence that triggering rainfall intensity is
lower for initially wetter than drier soil conditions. In case of the
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non-triggering rainfall event (Fig. 5i), intensity is low and certainly
not enough to initiate a torrential flow, although initial VWC are
relatively high and accumulated rainfall almost three times higher
than for the triggering events. These results confirm that triggering
rainfall intensity is strongly related to soil hydrological conditions,
while total precipitation seems not to be a critical parameter.
Figure sa, b, d, and e provide insights into the hydrologic
response of the slope under the short duration/high intensity rain-
fall events. VWCs at shallow depths (5 and 10 cm) appear to react
quickly to rainfall while deeper sensors (15 cm to 30 cm for INF-
SCARP1, 15 cm to 20 cm for INF-SCARP2) exhibit an attenuated
response. This generally expressed the propagation of a sharp front
of higher water saturation within the shallowest soil layer. Deepest
sensors (50 cm at INF-SCARP1, 30 cm at INF-SCARP2) present curi-
ously higher changes than the ones at intermediate depths, which
has been interpreted by modeling as resulting from the establish-
ment of a lateral flow in the underlying layer (Luna 2015). In fact,

non-sequential or non-monotonic wetting, as well as non-uniform
responses with depth, has also been attributed to rapid unsatu-
rated zone responses (e.g., Nimmo et al. 2021) that can bypass layers
through preferential flow pathways such as fractures, root or animal
burrows, and other soil-ped structures. Another interesting aspect
is that the increase of water content is higher when the soil is ini-
tially in a drier state and rainfall intensity is higher. In such a case,
soil will lose stability more quickly. As a final remark, the timing
of torrential flow peak discharge at the FLOW-WR station matches
in both cases the timing of maximum rainfall intensity and peak in
shallow water content changes. Conversely, the variation in VWC is
progressive for the low intensity non-triggering rainfall and shows
slow increase of water content at all sensors depths (Fig. 5g and h).

These results confirm that initial hydrologic soil condition and
short duration rainfall are important controlling factors for the
triggering of torrential flows. In the following part of the work, we
will study the hydro-meteorological threshold by using VWCs at
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Fig.5 Time series of soil volumetric water content (VWC) and rain-
fall showing the slope hydrologic response at the initiation zone of
torrential flows during three rainfall events. First column (a, b, c):
debris flow of June 6, 2020; second column (d, e, f): debris flood of
August 28, 2020; and third column (g, h, i): non-triggering rainfall of

April 24, 2019. First and second rows: VWC at the infiltration stations
INF-SCARP1 and INF-SCARP2, respectively. Third row: rainfall inten-
sity in 15-min duration (1,5, dark blue color) and cumulative rainfall
(orange color). The vertical dashed lines indicate the timing of tor-
rential flow peak discharge at the FLOW-WR monitoring station
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Table 4 (continued)

TP FN TN FP TPR FPR Precision F-

Dataset

)
S
=
5
=
g
23}

Threshold type

0.032 0.483 0.636

15  0.933

14 455

2013-2020

—182VWC + 92

(Eq. 3) (this study) | ax 5minYWCs0em

pth

30 cm depth Hydro-meteorological: I,y qurvwcde

0.737

0.933 0.019 0.609

9

461

14

= —169VWC + 81

Imax 10min VWCBOcm

462 8 0.933 0.017 0.636 0.757

14

—161VWC + 73*

Imax 15min VWC3Om

0.650 0.743

0.867 0.015

463 7

2

13

= —145VWC + 66

Imax 20min VWCSOm

0.683

0.933 0.026 0.538

458 12

1

14

= —76VWC + 41

Imax 30min VWCSOcm

0.578

0.867 0.036 0.433

453 17

2

13

= —103VWC + 40

Imax 60min VWC3OCm

*Optimal equations for each threshold type and each dataset focusing on the F,-score

15 cm and 30 cm as representative of slope hydrologic state before
rainfall occurrence and rainfall maximum intensity for several
short durations as trigger variable.

Threshold analysis
Scoring metrics, ROC, and PRC curves

The scoring metrics of the thresholds with highest performance
are listed in Table 4 for both the rainfall thresholds (I,.,,-D
and I, 4,, for the 2009-2020 and 2013-2020 datasets) and the
hydro-meteorological thresholds (I,,4 qurvwcdepn regarding the
2013-2020 dataset). The thresholds in this study have been selected
on the premise that more than 85% of the torrential events are
correctly predicted as TPs (TPR > 0.85) and by maximizing the
F,-score. Furthermore, the performance of the selected I_.,,-D
rainfall thresholds in this work is compared with those defined
in previous studies: Abancé et al. (2016) and Oorthuis et al. (2021)
for the data registered during 2009-2014 and 2009-2018, respec-
tively. Thus, the present work includes additional records from
the last 2 years and spans from 2009 to 2020. The selection of
the I, ..,-D rainfall threshold in Abancé et al. (2016) was done
by maximizing the correct prediction of torrential flows (debris
flows and debris floods); this is by maximizing TPR. In contrast,
Oorthuis et al. (2021) defined the I.,,-D rainfall threshold by
fitting a power-law trend line using the registered debris flows
and modifying the scale parameter until all the debris flows were
located above the threshold line. The threshold equation with the
best performance is highlighted for each type of threshold. In
addition, some of the selected thresholds are presented in the ROC
and PRC space (Fig. 6) in order to visualize and better interpret
their performance.

First, the results in this study clearly highlight an increase
of the I .,,-D rainfall threshold performance when compared
to the one defined in Abancé et al. (2016). The number of false
positives predicted in the present work is strongly reduced at the
expense of predicting some debris flood events as false negatives
(5 and 2 debris floods under the treshold line for the 2009-2020
and 2013-2020 dataset, respectively). See Fig. 7 for comparison
between the I, -D rainfall threshold in this study and Abancé
et al. (2016). In contrast, the I, -D rainfall threshold equation
defined in this work slightly increases the threshold performance
in comparison to the defined in Oorthuis et al. (2021), since both
threshold equations are very similar.

In the following, we analyzed the rainfall I, -D thresholds
defined in this study and realized that a high number of FPs (false
alarms) were predicted, although more than 85% of the torrential
flow events were correctly classified as TPs (Table 4). As a result,
the precision (ratio between true alarms and the total triggered
alarms) is low and around 18% and 15% for the 2009-2020 and
2013-2020 datasets, respectively. In the following, we focused on
the comparison of the I ., ,-D and I,, 4, rainfall thresholds.
The first thing that stands out is the important reduction of FPs
when considering maximum rainfall intensities instead of mean
rainfall intensities. Hence, the rainfall I ,, 4,, thresholds mainly
revealed higher precision and TPR values relative to the I ., -D
thresholds, when the same dataset is considered (Table 4 and
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Fig.6 Receiver operator characteristic (ROC) curves and precision-
recall (PRC) curves comparing rainfall thresholds (I,,e,-D and | . gur)
and hydro-meteorological thresholds (I, quvwcsoam) fegarding the
VWC readings at 30 cm depth. a ROC curves and b PRC curves con-
sidering the rainfall thresholds for the 2009-2020 dataset. ¢ ROC
curves and d PRC curves considering the rainfall thresholds and the

Fig. 6). Therefore, the results point out that maximum rainfall
intensities are more appropriate for assessing the triggering rain-
fall conditions in the Rebaixader catchment, compared to mean
rainfall intensities. Furthermore, the best performance is attained
with the maximum rainfall intensity for a duration of 15 min
threshold) for the 2009-2020 dataset, and of 20 min
(Imax_2omin threshold) for the 2013-2020 dataset. As a result, the
precision increased to 30% and 54%, respectively. This duration
of 15 and 20 min for torrential flows triggering is similar to the
critical duration needed to reach the critical discharge for debris

(Imaxg smin

\ Landslides
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hydro-meteorological threshold for the 2013-2020 dataset. Note
that the hydro-meteorological thresholds, |, qunwcsoem @nd the
rainfall thresholds, |, 4.~ are represented by the maximum rainfall
intensities in 15, 30, and 60 min duration. The data shown corre-
sponds to the thresholds defined in this study

flow initiation in other torrential catchments (for example 12 and
22 min, Pastorello et al. 2020).

In continuation, we checked whether the rainfall thresholds
defined by maximum rainfall intensities, I;,,, 4,,» could further
improve the performance by including VWC measurements. For
this reason, the hydro-meteorological thresholds, I,y qurvwcdept
and rainfall I, 4., thresholds are compared in Fig. 6 for the
same dataset (2013-2020). The results clearly highlight that add-
ing subsurface hydrology decreases the number of FPs or false

alarms compared to the rainfall I, 4,, thresholds, while the



number of TPs remains mainly equal. This produces increased
precision and similar TPR compared to the rainfall I ,, 4.,
threshold (Fig. 6¢, d and Table 4). In any case, the combination
of VWC and maximum rainfall intensities improved the thresh-
olds performance and hence its prediction capabilities. Further-
more, one can see that the highest performance is achieved by
linking the maximum rainfall intensity in 10-15-min duration
with the VWC observations at 15 cm depth (which correspond to
the Imax_lominVWClscm and Imax_lsminVWClscm hydro'meteorOIOgical
thresholds) and by combining the maximum rainfall intensity
in 15-min duration with VWC at 30 cm depth (I, 1sminvwcsoem)-
This duration of 10-15 min for torrential flows triggering, consid-
ering the hydro-meteorological thresholds, is also very similar to
the 12-22 min proposed by Pastorello et al. (2020) and necessary
to reach the critical discharge in other torrential catchments. In
this situation, the precision increased up to 65% and 63%, consid-
ering VWC at 15 and 30 cm depth, respectively. Nevertheless, the
hydro-meteorological thresholds defined by the VWC at 30 cm
depth scored slightly higher than those defined at 15 cm depth,
even though both predicted better results compared to the rain-
fall T, 4., thresholds. Anyway, the results confirm that, for such
high permeable soils, similar performance is obtained regardless
the VWC depth.

In addition, it can be seen that ROC curves of Fig. 6 show less
variability and are thus less informative than PRC curves when deal-
ing with imbalanced datasets and high numbers of TN events. In
this scenario, the FPRs are low and consequently the ROC curves
seem quite optimistic and present similar results. For this reason, the
rainfall and hydro-meteorological thresholds defined by maximum
rainfall intensities are harder to compare (Fig. 6a and c), in contrast
to the higher variability shown in the PRC curves (Fig. 6b and d).
In essence, the PRC curves in Fig. 6d clearly illustrate the higher
performance of the rainfall I . 4,, thresholds relative to the I,.,,-D
rainfall thresholds, and which is further improved by the inclusion
of VWC observations in the hydro-meteorological thresholds.

Torrential flow thresholds
Finally, the selected rainfall and hydro-meteorological thresh-
olds are plotted for a better visualization and interpretation of
the results. In a first step, the rainfall I, -D thresholds with
the highest performance are presented for the 2009-2020 and
2013-2020 dataset (Fig. 7a and b, respectively). In addition, the
rainfall I, -D threshold selected in this study is compared with
a previous threshold defined in Abancé et al. (2016). In the next
stage, we compare the best fitting rainfall I, 4, thresholds and
hydro-meteorological thresholds considering the VWC at 15 cm
depth (Fig. 8a) and the VWC at 30 cm depth (Fig. 8b) for the
2013-2020 dataset.

Regarding the rainfall I ., -D thresholds (Fig.7) of this study,
a high number of FPs events are predicted relative to the num-
ber of TPs for both datasets. Nevertheless, the thresholds per-
formance could be increased if the rainfall events with a dura-
tion longer than 10 h were not considered, since none of them
triggered a torrential flow. Even so, the number of FPs would be
higher compared to the rainfall I, 4, and hydro-meteorologi-
cal thresholds. In any case, the majority of torrential flow events
exceed the threshold line and only 5 and 2 debris floods with
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Fig.7 Mean intensity vs duration (l,,.,,-D) rainfall thresholds regard-
ing the 2009-2020 dataset (a) and 2013-2020 dataset (b). Dashed
line and equation indicate the threshold with best performance
defined in this study and selected by maximizing the F,-score. FP
and TN stand for false positive and true negative, respectively, and
correspond to the thresholds defined in the present study. Dotted
line indicates the previous threshold defined in Abancé et al. (2016)
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small volumes (<1000 m?) did not fulfill the threshold condition
for the 2009-2020 and 2013-2020 dataset, respectively. Therefore,
the results in Fig. 7 demonstrate that, regardless of the longer
(2009-2020) or shorter (2013-2020) dataset, similar thresholds
equations are obtained for the rainfall I, -D dataset. Contra-
rily, the rainfall I, -D threshold in Abancé et al. (2016) greatly
increases the number of false positives since the correct predic-
tion of torrential flows prevails over the false alarms. It is worth
to note that very close threshold results were also described in a
previous study spanning the period 2009-2018 (Oorthuis et al.
2021) and, therefore, this threshold was not plotted in Fig. 7. Fur-
thermore, the results in Fig. 7 confirm the hypothesis that tor-
rential flows in the Rebaixader catchment are triggered by short
lasting rainfalls, generally shorter than 3 h in duration.

In relation to the rainfall I ,, 4,, and hydro-meteorological
thresholds (Fig. 8), the results clearly illustrate that, in general,

Landslides |



| Original Paper

a)
1201 ®
a < 904 =
€ £ £
E £ 60; £
£ & &
% < 30 ~
_E y £ £
A'.éi{'s' 0-
~ ~ ~
= < <
£ £ £
£ £ £
R 2 R
; : :
o o o
N (s2) ©
£ E £
0.1 02 03 0.1 02 03
VWC; (m*/m®)
b)
1201
= <= 904 =
€ £ £
E £ 60; £
£ & &
u?’é . 301 <
£ E £
O-I
0.1
~ ~~ ~
= < <
£ £ £
£ £ £
A 2 R
; § ;
o o o
N (s2) ©
£ E £
0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3
VWC; (m*/m®) VWC; (m®/m®) VWC; (m®/m®)
Eventtvpe . @ Debris flow A FP g auVWCaepth /A FP both thresholds
YPE: @ Debris flood A FP s dur /. TN both thresholds

Torrential flow volume (m%): @ 100 @ 1000 @ 5000 @) 10000

Fig.8 Comparison of the rainfall I, 4, thresholds (dashed lines) and b 30 cm depth. FP and TN stand for false positive and true nega-
and the hydro-meteorological |, durvwcdepth thresholds (solid lines)  tive, respectively. Thresholds correspond to the ones defined in this
regarding the VWC prior to the rainfall event (VWC)) ata 15 cm depth  study

| Landslides



higher maximum rainfall intensities are necessary for the trigger-
ing of torrential flows when compared to the non-triggering rain-
falls. Moreover, one may distinguish a slight trend when looking
closer at the hydro-meteorological thresholds: generally, higher
rainfall intensities are required for the triggering of torrential
flows when the soil is initially drier, while lower rainfall intensi-
ties are necessary for initially wetter soil conditions. In conclusion,
the results in Fig. 8 confirm the hypothesis that including the soil
hydrologic conditions (VWC in this study) prior to the triggering
rainfall reduces the number of FPs compared to thresholds relying
exclusively on rainfall parameters.

Implementation in a landslide early warning system

Landslide early warning systems (LEWSs) are a significant option
among the diverse mitigation solutions available to reduce the risk
related to landslides (Segoni et al. 2018). In contrast to active meas-
ures or structural engineering works, the installation of a LEWS
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is often a cost-effective and sustainable risk mitigation strategy
(Glade and Nadim 2014). LEWSs are used to monitor one or more
variable related to landslide triggering in order to generate and
disseminate timely and meaningful warning information to enable
authorities and communities to act appropriately and in sufficient
time to reduce the landslide risk (UN/ISDR 2006). LEWSs can be
classified into alarm, warning, and forecasting systems, depending
on the lead time between alarm and landslide triggering (Sattele
et al. 2012). Warning and forecasting systems monitor the precur-
sors or predisposing factors in order to predict landslide triggering
(e.g., rainfall and/or soil hydrologic conditions) and have higher
lead times (Séttele et al. 2015). An important part of LEWS is the
definition of thresholds for landslide initiation.

Here, we check the implementation of our previous results into
a LEWS by means of rainfall and hydro-meteorological thresholds.
This is an exercise for research purposes, since there are no sig-
nificant risks related to torrential activity in the catchment. The
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Fig.9 Time series of rainfall and volumetric water content (VWC) show-
ing landslide occurrence and threshold exceedance in 2019. Predictions
of rainfall thresholds in left column and hydro-meteorological thresh-
olds in right column. Rainfall thresholds predictions for the | .,,-D
threshold (a) and maximum rainfall intensity thresholds for 5 min (b)
and 15 min (c) of duration. d VWC at INF-SCARP1 infiltration station and
at 30 cm depth. Hydro-meteorological threshold predictions combin-

ing VWC at 30 cm at INF-SCARP1 and maximum rainfall intensities at
5 min (e) and 15 min (f) of duration. The horizontal dotted line in band ¢
shows the maximum intensities defined in the maximum rainfall inten-
sity thresholds. The vertical dashed line in d indicates the timing of tor-
rential flow detection at the FLOW-WR monitoring station. Thresholds
correspond to the ones defined in this study
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performance of the two thresholds is compared using the year 2019
as example (Fig. 9). Both thresholds were defined considering the
2013-2020 dataset (see Table 4).

Regarding rainfall thresholds, the analysis of the I, -D thresh-
old predictions (Fig. 9a) reveals a high number of false positives,
16 in total, despite correctly predicting the occurrence of the only
torrential flow detected on that year. This trade-off between correct
and incorrect predictions limits the success of implementing the
rainfall I ,,-D threshold in a LEWS, since with a high number of
false alarms, the so-called cry-wolf effect may induce populations to
ignore the issued alarms (Barnes et al. 2007; Peres et al. 2018). Con-
versely, the rainfall thresholds defined with maximum intensities of
5 and 15 min duration (Fig. 9b and c) reduce the false positives to 6
and 4, respectively, while torrential flow occurrence is still correctly
predicted. Hence, when relying on rainfall measurements or rainfall
forecasts, the maximum rainfall intensity threshold should be con-
sidered for a LEWS in front of traditional rainfall I, -D thresholds.
Nevertheless, the precision of the predicted alarms is still low which
may be a drawback for implementing these thresholds into a LEWS.

Regarding the hydro-meteorological thresholds, the results
demonstrate that including VWC measurements improves the
predictions compared to rainfall-only thresholds. False positives
reduce to 2 and 1 when considering maximum rainfall intensities
in 5 and 15 min of duration in combination with the VWC at 30 cm
depth (Fig. 9e and f). This reduction in the FPs occurs mainly
during the summer and with initially low VWCs, which is espe-
cially favorable for the correct prediction of torrential flows in the
Rebaixader catchment, since debris flows and floods are mainly
triggered between June and September (Oorthuis et al. 2021).

These results encourage further investigation of the role that
soil hydrologic conditions play in triggering torrential flows
or other slope mass movements and justify the definition of
hydro-meteorological thresholds for landslide warning. We sug-
gest considering the hydrological soil conditions in combination
with rainfall in other catchments or landslide-prone areas to
improve or implement new or existing LEWS.

Conclusions
Our study evaluates the role of hydrologic soil conditions and
rainfall characteristics in the triggering of torrential flows at the
Rebaixader catchment through monitoring close to the initiation
zone of these flows. The results highlight the advances of consid-
ering both soil hydrologic conditions and rainfall characteristics
for torrential flows initiation. The contributions of combining
the hydrologic soil state with rainfall characteristics are com-
pared in terms of predictive capability with rainfall thresholds
based solely on the rainfall as triggering factor. As rainfall-based
thresholds neglect the antecedent hydrologic soil conditions,
their predictive performance is often low and results in many
false positives, which may induce to ignore the issued alarms.
Regarding the hydrologic soil measurements (VWC and suction
in this study), the results show that soil moisture can range from
dry (VWC ~ 0.10 m*/m® and suction>1000 kPa) to wet (VWC =
0.34 m3*/m? and suction =~ 5 kPa) conditions prior to the initiation
of triggering rainfalls. Therefore, the complete saturation of the
sediment debris layer is not necessary for the initiation of these
flows. The analysis of rainfall characteristics demonstrates that
short duration (less than 3 h) and high intensity (4-10 mm in 5 min

\ Landslides

duration, which corresponds to 48-120 mm/h) summer rainfalls
between 12:00 and 18:00 h UTC triggered most of torrential flows.
Conversely, long duration (e.g., more than 10 h) rainfalls did not
trigger torrential flows. In addition, the three largest debris flows
(volume > 9000 m?) were preceded by medium to high VWCs (0.18
to 0.30 at all depths) and were not triggered by the heaviest pre-
cipitations in terms of rainfall intensity and total rainfall amount,
which suggests that both hydrologic soil conditions and rainfall
characteristics affect the triggering of torrential flows.

The implications of rainfall and VWC measurements in the
definition of only-rainfall and hydro-meteorological thresholds
for torrential flow prediction have been evaluated and the perfor-
mance of each threshold has been analyzed. With respect to rain-
fall thresholds based exclusively on precipitation parameters, the
maximum rainfall intensity thresholds obtained higher prediction
accuracy compared to the traditional rainfall mean intensity—
duration (I,.,,-D) threshold. The rainfall I, -D threshold is not
really the most suitable for the prediction of torrential flows in the
Rebaixader catchment due to the elevated number of false posi-
tives. This confirms that peak rainfall intensities better represent
the triggering rainfall characteristics compared to mean rainfall
intensity which clearly diminishes for long duration rainfalls. In
addition, the duration for the development of triggering peak rain-
fall intensities is very similar to the critical duration necessary to
reach the critical discharge for torrential flows initiation in other
torrential catchments. Finally, the combination of VWC and maxi-
mum rainfall intensities in the hydro-meteorological thresholds
provides an improved precision compared to only-rainfall thresh-
olds, as important antecedent conditions and rainfall intensity vari-
ations or bursts are taken into account. The improved precision of
hydro-meteorological thresholds, which are novel in the Rebaixader
catchment, justifies the testing of this approach in other torrential
catchments or landslide-prone areas where continuous hydrologic
soil conditions are being monitored. In addition, for both peak
rainfall intensity thresholds and hydro-meteorological thresholds,
similar durations for torrential flow triggering were obtained when
compared to the critical duration necessary to reach the critical
discharge in other torrential catchments.

Our results justify the definition of hydro-meteorological thresh-
olds for application in LEWS including VWC. The hydro-meteorological
thresholds confirm that the hydrologic conditions of the soil affect the
maximum rainfall intensity necessary for torrential flow triggering.
Generally, lower rainfall peak intensities are required for torrential
flow triggering when the soil is initially wetter at the start of a rainfall
event, and vice versa. This confirms that soil moisture is an important
predisposing factor for torrential flows initiation and, therefore, a key
parameter in LEWSs for torrential flow warning.
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