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EXECUTIVE SUMMARY

The document, which represents the fourth deliverable of WP4 “Tools and methods to support
Early Warning System for Rock falls”, describes the actions performed in the Activity 4.5 “Rainfall
thresholds for the possible initiation of rock falls”. The main goal of this activity is the definition of
empirical rainfall thresholds for the possible initiation of rock falls in the Canary Islands.

The report describes the empirical cumulated event rainfall — rainfall duration (ED) thresholds for
the Gran Canaria and Tenerife test sites. For the purpose, a tool for the objective and reproducible
reconstruction of rainfall events and of rainfall conditions responsible for rock falls is used. A
frequentist statistical method is adopted to define ED thresholds for different non-exceedance
probabilities.
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1 INTRODUCTION

Rainfall is a recognized trigger of landslides, and investigators have long attempted to determine
the amount of precipitation needed to trigger slope failures. Landslides triggered by rainfall are
caused by the build-up of water pressure into the ground (Campbell, 1975; Wilson, 1989).
Groundwater conditions responsible for slope failures are related to rainfall through infiltration,

soil characteristics, antecedent moisture content, and rainfall history (Wieczorek, 1996).

Worldwide, rainfall-induced landslides are recurrent phenomena that cause societal and
economic damage. Thus, assessing the rainfall conditions responsible for landslides is important

and may contribute to reducing risk.

At regional and global scales, empirical approaches to forecast the occurrence of rainfall-induced
landslides rely upon the definition of rainfall thresholds, i.e. the rainfall conditions that when
reached or exceeded are likely to result in single or multiple landslides. Several authors have
proposed different methods to compute rainfall thresholds through the statistical analysis of
empirical distributions of rainfall conditions that have presumably resulted in landslides including
cumulated event rainfall vs. rainfall duration or mean rainfall intensity vs. rainfall duration (e.g.,
Aleotti, 2004; Guzzetti et al., 2007, 2008; Brunetti et al., 2010; Berti et al., 2012; Giannecchini et
al., 2012; Martelloni et al., 2012; Peruccacci et al., 2012; Staley et al., 2013; Segoni et al., 2014;
Rosi et al., 2016; Peruccacci et al., 2017).

Rainfall thresholds are affected by uncertainties that limit their use in operational warning
systems. A source of uncertainty lies in the characterization of the rainfall events responsible for
landslides. Objective criteria for the definition of rainfall events are lacking. To overcome the
problem, Melillo et al. (2018) have proposed an algorithm that reconstructs rainfall events,
identifies the rainfall conditions that have resulted in landslides, and calculates probabilistic

cumulated event rainfall- rainfall duration (ED) thresholds and their associated uncertainties.

The main goal of WP4 is to tailor tools and methods to generate information useful to support
early warning systems for rock falls. An important element to mitigate landslide hazard and risk is
the definition of an operational landslide warning system based on the comparison between
rainfall measurements and forecasts and rainfall thresholds, aiming at evaluating the possible

occurrence of landslides.

The present document is an update of the previous deliverable “Preliminary rainfall thresholds for
the Canary Islands” (D4.9) released in September 2018.

The document is organized as follows. After a description of the general settings of the Canary
Islands and of the U-Geohaz two test sites (Section 2), we describe the catalogue of rainfall
events that have caused rock falls in Tenerife Island and along the GC-200 road (Gran Canaria),
and the sources and method used for its compilation (Section 3). Next, we describe the CTRL
Tool (CTRL-T) used to determine ED rainfall thresholds (Section 4). Finally, we exploit the two
catalogues to define empirical rainfall thresholds for possible rock fall occurrence in GC-200 and

Tenerife test sites (Section 5).
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2 TEST SITE DESCRIPTIONS

The Canary Islands is an archipelago of seven major volcanic islands constituting the outermost
Spanish region in the Atlantic Ocean on the continental slope and rise of western Africa (Figure
1). The islands lie 2000 km east of the Mid-Atlantic Ridge and 150 km west of Morocco. From
east to west, the islands are Lanzarote, Fuerteventura, Gran Canaria, Tenerife, La Gomera, La
Palma, and EIl Hierro. The eruptive history of the islands extend from 40 Ma until the present (El
Hierro), making them one of the major volcanic oceanic island groups of the world. Most of the
historical eruptions in the Canary Islands have been short-lived basaltic or strombolian eruptions,

which have caused pyroclastic cones of different size and lava flows of different extent and height.

The steep topography and the geological complexity of the archipelago influence the activation
of intense slope dynamics and many slope failures occur along the slopes. Rock falls are the most
frequent and damaging landslide type in the Canary Islands, causing damages on built-up areas
and communication networks. To define empirical rainfall thresholds for the possible initiation of
rock falls, two test sites were selected following the emergency services priorities. The first site is
located in the northwestern part of Gran Canaria Island, along the GC-200 road between the

localities of Agaete and Aldea. The second site is represented by the entire Tenerife Island.

V;

LANZAROTE ’
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' TENERIFE FUERTEVENTURA

GRAN CANARIA
LA GOMERA .

... la <"/

Figure 1. The Canary island archipelago. Empirical rainfall thresholds for the possible
initiation of rock falls were defined in two test sites (red boxes).

Islas Canarias

2.1 GC-200road (Gran Canaria Island)

Gran Canaria is the third island in size of the Canary Islands, with an area of 1560 km? and a
maximum altitude of 1956 m. The origin of the island can be dated about 15 million years ago
with the first submarine building stages of the Gran Canaria Volcano. Figure 2 shows a simplified
geological map of the island with the main lithological units. The main stages of evolution of Gran
Canaria are: i) the shield stage, including a basaltic shield volcano; ii) the vertical caldera collapse,
giving place to the Tejeda-Fataga complex, with a salic post-caldera resurgence; and ii)) a
rejuvenated stage, including the Roque Nublo stratovolcano and the post- Roque Nublo

volcanism (late eruptive phase) which created a composite monogenetic volcanic field.
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Additionally, massive flank failures are mapped (see gravitational failures) giving place to chaotic

deposits that cover large areas.
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Figure 2. Gran Canaria Island. Simplified geological map.

Regarding climatological conditions, Gran Canaria is located in a transitional zone between
temperate and tropical conditions. The conical morphology of Gran Canaria retains the humidity
of the predominant north/northeast trade winds of the subtropical Azores anticyclone on the north
side of the island. As a result, the northern flanks are humid and vegetation is vigorous, while the
south is very dry and the conditions are very arid and desert-like. Rainfall increases with altitude,
ranging between less than 200 mm/yr at the coast and over a wide area in southern Gran Canaria,
and more than 1400 mm/yr in the higher peaks of the central part of the island. The climate in the
test-site area is very dry, with an annual average precipitation of 300 mm and the annual average
temperature of 20.6°. The maximum precipitation takes place during the autumn and winter
months, with December the rainiest month. Heavy storms are frequent, associated with intense

rainfall and strong winds, with events measuring of up to 75 mm in 24 hours.

The GC-200 road test site (Figure 3) is located in the western part of the island, between the
localities of Agaete and Aldea, representing the main transportation corridor between the two
localities. The road has a length of 34 km, with a very tortuous path following the coastline, a very
step coast with the highest cliffs in Europe (Risco Faneque, 1027 m a.s.l.). The road is a strategic
infrastructure for the transportation of the tomato production, cultivated in numerous greenhouses

in Aldea. Moreover, the road an important touristic attraction due to the spectacular landscape
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views. The road has heavy traffic estimated on average with 1500 vehicles per day, with a greater
number of vehicles during the period from October to May. The geology of the test-site area is in
the domain of the basaltic shield stage, Middle Miocene in age. Along the road, an alternate of
alkaline basaltic deposits (hard rocks) and pyroclastic flows can be observed. Both materials can
be source areas for rock falls blocks. In some parts, gravitational deposits also outcrop and some

boulders frequently occupy the road.

Figure 3. Gran Canaria Island. Panoramic view of the GC-200 road.

2.2 Tenerife Island

Tenerife is located in the central part of the Archipelago, between 27° 59’ 59” N and 28° 35’ 15”
N and 16° 50’ 27" W and 16° 55’ 40” W. It is the largest island with a surface of 2057 km? and the
most populated. Its highest point, Mount Teide, with an elevation of 3718 meters, is the highest
point of Spain and the third largest volcano in the world considering the base at the bottom of the

sea.

From the geological point of view, all Canary Islands are located inside the Africa Plate, in the
transitional zone between the Continental Crust and the Oceanic Crust, characterized by the
volcanic origin that is still active. The tectonic lines are responsible for the island shape— a
triangle-, with a clear predominance of NE-SW and NW-SE directions during the main building
phases. The principal structures in the Tenerife make the central highlands, with the Teide—Pico
Viejo complex and the Las Cafiadas areas, the most prominent area with a surface of 130 km2,
Las Cafadas caldera was formed by a vertical collapses produced after intense explosive
volcanic activity. The area is partially occupied by the Teide-Pico Viejo strato-volcano and by the
volcanic materials derived by different eruptions. The location of Tenerife Island in the middle of

the archipelago explains the impressive relief, the large variations of volcanic rocks types and the
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different volcanic structures and landforms. The steep orography (Figure 4) of the island and the
climate variety have resulted in a diversity of landscapes and geographical formations. The Teide
National Park is characterized by extensive pine forests juxtaposed against the volcanic
landscape at the summit of Teide and Malpais de Giiimar, to the Acantilados de Los Gigantes

(Cliffs of the Giants) with its vertical precipices.

i

Figure 4. Tenerife Island. Panoramic view of the Anaga range in the northern part of the
island.

The trade-winds affect the island during the main part of the year, from May to September. The
trade-winds present a double layer, the lower being wet and temperate blowing over the ocean
from N-NE direction and the upper being warm and very dry blowing from W-NW direction. This
layered structure produces a stable situation in the atmosphere. The landforms act as interference
with the regional atmosphere circulation producing a wide variety of local climates. North areas
are exposed to trade-winds and Atlantic winds, producing the south slopes drier than the north
ones; in the northern slopes the presence of the temperature inversion produces a sea cloud,
between 500 m to 1500 m high, setting unusual wet conditions and supporting an extra amount
of water by fog rain. Several experiments provided evidence for supplies of fog rain four times
higher than normal rain. During winter, the Atlantic low pressure causes rainy weather and even

snow fall above 1500 meters.
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3 RAINFALL AND LANDSLIDE DATA

In the test areas, rainfall measurements were obtained from national and regional rain gauge
networks. For the selection of the rain gauges, the availability of time series, the data quality and
the location of the rain gauge were taken into account, given that these features are crucial to

characterize the spatio-temporal variation of the precipitations.

For the Tenerife island test site, we have used the rain gauge network provided by the Spanish
National Meteorological Service (AEMET). Additional rain gauges provided by regional institutions
as Agrocabildo- Servicio Técnico de Agricultura y Desarrollo Rural, and validated by AEMET were
included to increase the rainfall information used in this update. The analysis was performed using
both daily and hourly data from the AEMET network, which were available for the periods 2010-
2017 and 2000-2016, respectively. As a result, a long time series of rainfall data was obtained,
which is fundamental to calculate reliable thresholds. The two networks in the Tenerife test site
are composed by 34 rain gauges recording hourly data and 66 rain gauges recording daily data,

distributed on the island (Figure 5).

L gomn
’/‘(_'T/f
S
i
Canary:llil.ar}d_s/‘h

58

i o
? Tenerife

¥ Rain gauges - hourly data (34)
v Rain gauges - daily data (66)
O Rock falls (1898)

— Roads

0ge

Figure 5. Tenerife test site. Location of the rain gauges with hourly (green triangles) and
daily (yellow triangles) rainfall measurements, and of rock falls included in the catalogue
(white dots).

The daily and hourly rainfall measurements were stored in a txt file, which contains information
on the rain gauge code, rain gauge name, date, geographical coordinates, elevation, and daily or
hourly measurements. The daily rainfall is referred to the time period between 07:00 UTC of the
previous day to 07:00 UTC of the day of measurement. This information was stored in a worksheet

for the calculation of rainfall thresholds.
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As concern the rock fall data, we used the inventory of the Tenerife Island prepared by the
Canarian Civil Protection Authorities that registered accurately the location of each rock fall impact
along the Tenerife roads. In the period from January 2010 to November 2017, 1898 rock falls
were detected. From the rock fall inventory, we have developed a worksheet to store all data. For
each event, the catalogue contains the following information: event code, localization, geographic
accuracy, and temporal information of the failure (day, month, year, time, date, temporal

accuracy).

To reduce the use of wrong information (i.e., incorrectly dated landslides) in the definition of the
thresholds, we discarded all rainfall conditions having a delay longer than 48 hours between the

rainfall ending time and the landslide occurrence.

In the Tenerife test site, between 2010 and 2016, 245 rock falls were selected for the analysis
with daily rainfall (red dots in Figure 6) and 381 with hourly rainfall (red dots in Figures 7).
Regarding the monthly distribution, in the Tenerife test site, almost all events were recorded
between October and April, with a maximum in November. No landslides were recorded in July
(Figure 8a). The yearly distribution of these events exhibits a peak in 2014 (90 records with hourly
data, 66 with daily data), 2015 and 2013 (Figure 8b). The 245 daily rainfall conditions associated
to the rock falls have durations ranging from 1 to 15 days and mean value of 2 days. The values
of cumulated rainfall range from 15.4 to 235 mm, with an average of 71.5 mm. The average
distance between the landslides and the representative rain gauges is 2.2 km, with a maximum

distance of 5 km.
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Figure 6. Tenerife test site. Location of the rain gauges with daily rainfall measurements
(yellow triangles), and of rock falls: white dots show all the rock falls in the catalogue; red
dots the events selected to calculate the thresholds.
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Figure 7. Tenerife test site. Location of the rain gauges with hourly rainfall measurements
(green triangles), and of rock falls: white dots show all the rock falls in the catalogue; red
dots the events selected to calculate the thresholds.

The 381 hourly rainfall conditions associated to the rock falls have durations ranging from 2 to
712 hours and mean value of 111 hours. The values of cumulated rainfall range from 10.6 to
434.0 mm, with an average of 105.6 mm. The average distance between the landslides and the
representative rain gauges is 6.7 km, with a maximum distance of 14.9 km. More details are

reported in Table 1.

In the GC-200 test site (Gran Canaria island), daily rainfall data from the Consejo Insular de Aguas
de Gran Canaria (CIAGC) regional rain gauge network (13 stations) and from AEMET national
network (92 stations, among which 7 are close to the study area) were used for the analysis.
Moreover, hourly rainfall data provided by AEMET national network (23 stations among which 4

are close to the study area) were used (Figure 9).

Rainfall data contains daily rainfall measurements collected in the period between January 2010
and December 2017 and hourly rainfall measurements collected in the period between January
2010 and December 2017. Following the same methodology applied in the Tenerife test site, for
each rain gauge, data are stored in a worksheet, where the header contains information on rain

gauge name, code, geographical coordinates, elevation and the daily rainfall in mm.
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Figure 8. Monthly (a) and annual (b) distributions of the rainfall events reconstructed for
the two test sites.

We have recorded the information and observations carried out by the Canarian Civil Protecion
Authorities about rock fall events occurred from January 2010 to March 2016, along the GC-200
road. A total of 8174 rock fall events were documented and a digital inventory was prepared
defining accurately the location of each impact along the road using orthophotos available for the
region. The information for each event includes the kilometre point, number of events, date,
boulder size, and was organized in a worksheet. This worksheet contains the following information
for each event: event code, localization, geographic accuracy, and temporal information of the
failure (day, month, year, time, date, temporal accuracy). We used only 535 rock fall events
characterized by medium to large size, excluding small and very small rock falls, but only 53 rock
falls were selected for the analysis with daily data (red dots in Figure 10) and 29 with hourly data
(red dots in Figure 11). In particular, for the analysis with daily data, only the CIAGC network was
considered, given its wider coverage of rain gauges in the study area; the AEMET network having

only 7 stations close to the study area (yellow triangles in Figure 8).
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Figure 9. GC-200 test site, Gran Canaria island. Location of the rain gauges (triangles) and
rock falls: white circles show all the rock falls in the catalogue; red circles the events
selected to calculate the thresholds.
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Figure 10. GC-200 test site, Gran Canaria island. Location of the rain gauges (triangles)

and rock falls: white dots show all the rock falls in the catalogue; red dots are the events
selected to calculate the thresholds.
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Figure 91. GC-200 test site, Gran Canaria island. Location of the rain gauges (green
triangles) and rock falls: white dots show all the rock falls in the catalogue; red dots the
events selected to calculate the thresholds.

Moreover, during the analysis, daily data from AEMET network were considered not
representative for the triggering of the rock falls, because of the spatial location of the stations
and the rainfall measurements. Moreover, the low number of selected rock falls in the analysis

with hourly data is due to the scarce coverage of rain gauges in the study area.

The 53 events registered for the Gran Canaria test site (Figure 10) occurred between 2012 and
2016, most. of them in 2015 (22) and 2016 (16). Almost all the landslides were recorded in the
semester October-March, with a peak in February (14 occurrences). Only 7 landslides occurred
in the period April-September (Figure 8a). The 53 daily rainfall conditions responsible for the rock
fall occurrences have durations in the range 1 < D < 11 days (with an average value of 4 days)
and cumulated rainfall in the range 16.5 < E < 219.9 mm (average value 51.6 mm). All the
conditions were recorded in rain gauges located at a maximum distance from the failures of 5.7

km, with a mean value of 2.8 km. More details are reported in Table 1.
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Table 1. Minimum, mean, and maximum values of distance from rain gauge, duration and
cumulated event rainfall of the rainfall events reconstructed for the two test sites.

Rain gauge distance Duration Cumulated event rainfall

(km) D (h-d) E (mm)
Gran Canaria Min 0.3 1d 16.5
test site Mean 2.8 4d 51.6
(daily rainfall data)  Max 5.7 11d 219.9
Gran Canaria Min 0.9 5h 13.4
test site Mean 10.0 68 h 71.2
(hourly rainfall data) Max 14.8 288 h 266.6
Tenerife Min 0.2 1d 15.4
test site Mean 2.2 2d 71.5
(daily rainfall data)  Max 5.0 15d 235.0
Tenerife Min 0.3 2h 10.6

test site Mean 6.7 111 h 105.6
(hourly rainfall data) Max 14.9 712 h 434.0
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4 METHODS

Empirical rainfall thresholds are affected by several uncertainties, including: (i) the availability and
quality of the rainfall measurements and of the landslide information; (ii) the characterization of
the rainfall event responsible for the landslides; (iii) the heuristic or statistical methods used to
determine the thresholds. Standards for measuring landslide-triggering rainfall conditions are still
lacking or insufficiently formalized in literature and how the rainfall responsible for the landslide
occurrence is calculated is rarely reported. Moreover, the majority of empirical rainfall thresholds

available in the literature are calculated using subjective and scarcely repeatable methods.

We maintain that the quantitative identification of the landslide-triggering rainfall and the definition
of reliable thresholds are fundamental steps towards a well-founded landslide prediction
(Peruccacci et al., 2017; Melillo et al., 2018). The use of a standardized and automatized
procedure for the reconstruction of the rainfall conditions responsible for failures and for threshold
calculation is necessary for enhancing the objectivity and reproducibility of the thresholds,
especially for thresholds to be used in landslide early warning systems. For the purpose, the
algorithm CTRL-T proposed by Melillo et al. (2018) was exploited to calculate cumulated event

rainfall- rainfall duration (ED) thresholds for the Canary Islands.

CTRL-T exploits continuous rainfall measurements, and landslide information, to (1) reconstruct
rainfall events; (2) select automatically the representative rain gauges; (3) identify multiple rainfall
conditions responsible for the failure in terms of D and E; (4) attribute a probability to each rainfall

condition; and (5) calculate probabilistic rainfall thresholds and their associated uncertainties.

Figure 12 illustrates the logical framework of CTRL-T. The input data is composed by: (i) setting
parameters of the rainfall events, (ii) rainfall data, (iii) rain gauge locations, (iv) landslide locations,
and (v) landslide occurrence times. The algorithm is divided into three main logical blocks. The
“BLOCK 1" executes the reconstruction of the rainfall events (RE). The “BLOCK 2" selects the
rainfall events that have resulted in landslides and determines the rainfall duration, Dc, and the
cumulated event rainfall, EL, responsible for the landslides. The “BLOCK 3" calculates rainfall

thresholds at different non-exceedance probabilities.
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Figure 12. Logical framework of the algorithm in CTRL-T.

First, CTRL-T reconstructs individual rainfall events from a record of rainfall measurements. This
is performed in five successive steps, including a pre-processing step. Figure 13 portrays the

logical framework of “BLOCK 1”.
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Figure 13. Logical framework of “BLOCK 1”.

Step 0: Pre-processing of rainfall data

The tool works on a continuous (for the sake of the discussion, hourly) record of rainfall
measurements obtained from a single rain gauge in a period. Records of rainfall measurements
are typically discontinuous (incomplete), with individual or multiple rainfall measurements missing
in the record due to technical and operational problems. The gaps in the record can cover periods
ranging from a minimum of one hour to several days or weeks, and are typically marked by
specific “tags” in the record, with different tags used to describe different types of technical and
operational problems. Occasionally, tags are missing in the rainfall record, and it is difficult — or
impossible — to single out measurements gaps in the record. The algorithm checks the continuity
of the record and detects the gaps. More specifically, the algorithm searches the rainfall record
for tagged and untagged missing measurements, and replaces them with the “na” tag

(measurement not available).

In addition, a rainfall record may contain hourly rainfall measurements En that are lower than the
instrumental sensitivity of a rain gauge (e.g., Gs = 0.2 mm), En < Gs. These hourly measurements
are considered noise in the rainfall record, and the algorithm sets the measurements to Ex = 0.0
mm. Note that Ex = “na” is different from Ex = 0.0 mm. When Ex = “na” the rainfall information is
missing in the record, whereas when Ex = 0.0 mm the rainfall information is available in the record

and it is considered noise. Figure 14a shows a prototype example of a corrected rainfall record.

Step 1: Detection and exclusion of isolated rainfall measurements

The algorithm starts by searching for isolated hourly rainfall measurements in the corrected
rainfall record (S1 in Figure 13). An isolated rainfall measurement is defined as an hourly
measurement separated from the immediately preceding and the immediately following rainfall
measurements by dry periods (TZbefore, and T/ after) that exceed a given length P1. The length

of the dry period (P1) depends on the seasonal or the local climatic conditions C i.e., P1 = P1(C).
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In the Mediterranean region two seasonal periods can be identified for landslide initiation: (i) a
“warm” spring-summer period Cw, and (ii) a “cold” autumn-winter period Cc. For the Cw warm
period the dry interval separating isolated rainfall measurements is P1 = 3 hours, and for the Cc
cold period the dry interval is P1 = 6 hours (Table 2). Once the isolated rainfall measurements are
identified, their individual relevance for the reconstruction of the rainfall conditions responsible for
possible landslide occurrence is evaluated. We consider relevant the isolated hourly rainfall
measurements that exceed a minimum value Er (e.g., Er = 0.2 mm), Enx > Er, and irrelevant the
measurements with En = Er. The later measurements, shown by red bars in Figure 14b, contribute
a negligible (irrelevant) amount of rain to the rainfall event (e.g., due to the presence of fog and/or
humidity in the air). For the purpose of the analysis, the algorithm sets the isolated, irrelevant

measurements to Ex = 0.0 mm.

Step 2: Identification of rainfall sub-events

The algorithm proceeds by searching for individual rainfall sub-events (S:z in Figure 13), where a
rainfall sub-event is a period of continuous rainfall separated from the immediately preceding and
the immediately following sub-events by dry periods with no rain. As before, the length P: of the
dry period may vary, depending on the seasonal and the climatic conditions, P2 = P2(C). The
separation is justified by the observation that the meteorological conditions and the rainfall
characteristics in the two climatic periods are different. In the Cw warm period, rainfall is primarily
brought to the study area by local convective storms, whereas in the Cc cold period rainfall is
most commonly the result of regional frontal systems. We acknowledge that this is a simplification,
that convective storms can occur in the cold period, and that regional fronts can condition the
rainfall regime in the warm period. In the two periods, rainfall events are reconstructed using a
different set of parameters. As an example, in a Mediterranean climate, P2 = 6 hours in the Cw
warm period, and P2 = 12 hours in the Cc cold period (Table 2). When reconstituting a rainfall
sub-event, the algorithm checks for the continuity of the rainfall record in the sub-event. If single
or multiple “na” measurements (interruptions) are found in the rainfall record in the period covered
by the sub-event, the sub-event is excluded from the analysis. If no “na” measurements are found,
the sub-event is defined (grey shaded areas in Figure 14c), and rainfall metrics are computed for
the sub-event, including: (i) the sub-event duration DS, computed summing the number of hours
in the sub-event, and (ii) the sub-event total rainfall Es, computed by summing the hourly rainfall

measurements in the sub-event, Es = ) En.

Step 3: Exclusion of irrelevant rainfall sub-events

Next, the algorithm searches for sub-events that can be considered irrelevant for the
reconstruction of rainfall events responsible for landslide occurrence (Ss in Figure 13). For the
purpose, a sub-event is considered irrelevant if the cumulated (total) rainfall for the sub-event is
lower than a given threshold value Es < Ps, regardless of the duration of the sub-event. In a
Mediterranean climate, Ps = 1 mm (Table 2) is a reasonable threshold to exclude sub-events

whose contribution can be considered irrelevant for the possible initiation of rainfall induced
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landslides. Irrelevant sub-events (red bars in Figure 14d) are excluded from the subsequent

analysis.

Step 4: Identification of rainfall events

In this step, the algorithm aggregates single or multiple sub-events to obtain single rainfall events
(S4 in Figure 13), where a rainfall event is a period of continuous rainfall, or an ensemble of
periods of continuous rainfall, separated from the preceding and the successive events by dry
periods. Again, the minimum length P4 of the inter-event dry periods may vary, depending on
meteorological and seasonal conditions i.e., P4 = P4(C). As an example, to identify the rainfall
events shown in Figure 14c, we used a minimum dry period P4 = 48 hours for the Cw warm period,
and a minimum dry period of P4 = 96 hours for the Cc cold period (Table 2). Once all the events
in the rainfall record are defined (green shaded areas in Figure 14e), the algorithm calculates
rainfall metrics for each of the detected rainfall events, including: (i) the event duration Dk,
computed summing the number of hours in the rainfall event (including hours for which En = 0),
and (ii) the event total cumulated rainfall Ee, computed by summing the sub-event rainfall Ee = }
Es.
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Figure 14. Example of the application of the tool for the reconstruction of rainfall events.
(a) Blue bars show hourly rainfall measurements, from 19 September to 10 October 2006.
(b) Selection of the isolated hourly rainfall measurements (red bars), shown by red arrows.
(c) Identification of the rainfall sub-events, highlighted by grey-shaded areas. (d) Selection
of irrelevant sub-events (red bars), shown by red arrows. (e) Identification of rainfall

events, highlighted by green-shaded areas.
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Table 2. Parameters used by CTRL-T in BLOCK 1. The first column lists the step in the
logical framework of the algorithm where the parameter is used (see Figure 13). Two
climatic periods are considered: Cw, a “warm” spring-summer period; and Cc, a “cold”
autumn-winter period.

Parameter value

Step Parameter name P(Cw) P(Co) Unit
So Gs 2 2 mm
S1 Er 2 2 mm
S1 P 3 6 h
S P> 6 12 h
Ss Ps 1 1 mm
Sy P4 48 96 h

Using the information on the location of rain gauges and landslides provided by the “INPUT”
section, “BLOCK 2" picks out the rain gauges closest to each landslide. CTRL-T selects
automatically the representative rain gauge for a specific landslide from a pool of rain gauges
located in a circular area (buffer) centred on the landslide location and with a parametrized radius
(Rb, in Figure 15). Rb depends chiefly on the morphological settings of the study area and on the

rain gauge density.

43888000
4888000

4884000
43884000

4880000
4880000

@ landslide

2 rain gauge

556000 560000 564000 568000

Figure 15. Selection of rain gauges (yellow triangles) in a circular buffer (red shaded area)
centred in the landslide location (red dot) with a parametrized radius Rb (dashed black
line).
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For each selected rain gauge, CTRL-T identifies the rainfall event associated with the landslide.
In particular, CTRL-T compares the dates (start date and end date) of the rainfall events identified
by “BLOCK 17, with a record listing the occurrence date (day and time) of the landslides. Each
landslide in the temporal record is associated to a single rainfall event (Figure 16a). Next, CTRL-
T calculates the rainfall metrics, DL and EL, responsible for the slope instability. Note that DL and
EL responsible for landslide occurrence are not necessarily the same as the rainfall duration De
and the cumulated event rainfall Ee of the rainfall event in Figure 16a. Most commonly, landslides
occur before (and sometimes well before) the end of a rainfall period, and the rainfall after the
landslide occurrence cannot be considered relevant for the initiation of the slope failure. In this
case, EL < Ee and D. < De. Occasionally, landslides fail after the end of the rainfall event. In this
case, the cumulated rainfall responsible for the landslide corresponds to the cumulated event
rainfall, EL = Eg, and the rainfall duration is DL = De. For complex rainfall events (Figure 16a) —
which are the majority in a typical rainfall record — it is often difficult (or impossible) to decide a
single duration, and the corresponding cumulated amount of rain responsible for the landslides.
In this case, CTRL-T reconstructs multiple aggregations of rainfall sub-events that are likely to
trigger landslides. In Figures 16b, 16¢, 16d we show that the complex rainfall event portrayed in
Figure 16a is characterized by three sub-events with significantly different rainfall durations (DL =
28 h, 91 h, and 178 h) and cumulated rainfall amounts (EL = 104.2 mm, 218.4 mm, and 263.2
mm). Without additional information, the three sub-events identified by the tool are equally
probable as possible landslide triggers. Ultimately, CTRL-T identifies a variable number n of single
(n = 1) or multiple rainfall conditions (MRC) likely responsible for each failure (e.g., 3 MRC for the

example shown in Figure 15).

Through an empirical relation, that includes the distance between the rain gauge and the
landslide, DL and EL, a weight w is assigned to each pair of the MRC data set.

w = f(d, EL' DL) = d_ZELZDL_l (1)
The weight is attributed to each (Dv, EL) pair of the MRC data set. For each landslide, w is used
to identify the representative rain gauge, and to determine the probability of the single or multiple
rainfall conditions to be adopted for the calculation of rainfall thresholds. For a pool of stations
enclosed in the radius Re, the representative rain gauge is the one for which the (D.,EL) pair has
the highest w. In case of multiple pairs, each w is normalized to the sum of the individual weights,

whereas is set to one in case of a single rainfall condition. The MRC corresponding to the

maximum w (MPRC) is that likely responsible for the failure (red dot in Figure 16e).

In “BLOCK 3" CTRL-T calculates rainfall thresholds for MRC and MPRC (maximum probability
rainfall conditions) data sets, where MPRC is the subset of the (D.,EL) pairs with the highest
weights (Figure 17).

To define empirical rainfall thresholds and their associated uncertainties, CTRL-T adopts the
frequentist statistical method proposed by Brunetti et al. (2010) and modified by Peruccacci et al.
(2012) to calculate ED thresholds in Italy.
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Figure 16. Example of the application of CTRL-T for the reconstruction of the rainfall
conditions responsible for a failure. Traffic sign shows time of occurrence (23/12/2006,
10:00 PM), grey bars show hourly rainfall measurements. (a) Rainfall event identified by
“BLOCK 1" containing a failure. (b) (c) (d) Multiple aggregations of rainfall sub-events with
different values of DL and E.. (e). Green square shows the (Dg,Eg) pair of the rainfall event
considered in (a). Purple, red, and orange dots show the (D.,EL) pairs of the rainfall
conditions considered in (b), (c) and (d), respectively. The red rainfall condition is the most
likely as trigger of the investigated landslide (MPRC).
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The method avoids subjective criteria in the determination of the thresholds, which are common
in many of the published rainfall thresholds for the possible initiation of landslides (Guzzetti et al.
2007, 2008). In particular, the method assumes in a Cartesian plane that the threshold curve is a

power law of the form:

E=(atAa)xD") (2)

where, E is the cumulated (total) event rainfall (in mm), D is the duration of the rainfall event (in
h), a is a scaling parameter (the intercept), y is the slope of the power law threshold curve, and

Aa and Ay are the uncertainties associated to a and y, respectively.

1h 1d 2d 4d 1w 2w 1m
103 -
e i
£
LLI 4
= 10%
s 3
= ]
o ]
9 1
o 104
[ ]
5 ]
2 ]
£ ]
O 10
LI | v T rrrrerg ¥ rororrrg T T T
10° 10" 10° 10°
Duration, D {h)
1h 1d 2d 4d 1w 2w 1m
104 -
g 1P
E
T ]
= 10%4
,_FE 3
=
© |
3 10'-
(1] ]
IS
E
E ]
© 100
10° 10 10° 10°

Duration, D {h)

Figure 17. Example of the application of CTRL-T for the reconstruction of the rainfall
conditions responsible for failures. Cumulated event rainfall E (mm) vs. rainfall duration D
(h) conditions that have resulted in landslides using (a) the MRC and (b) the MPRC data
set. In (a) frame, the size of the points (p probability) is proportional to the weight w of the
(Dv,EL) pairs.

Specifically, the ensemble of the (D,E) rainfall conditions responsible for the known slope failures
is fitted with a power law. For each event, the difference between the cumulated event rainfall and
the fit is calculated. The probability density of the distribution of the differences is determined
through a Kernel Density approach, and the result modelled with a Gaussian function. Using the

modelled distribution, thresholds corresponding to different non-exceedance probabilities are
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calculated (Brunetti et al. 2010). Assuming the set of the empirical (D.,EL) points is complete and
representative of the conditions that led to slope failures in a study area, the 1% threshold should

leave 1% of the rainfall events with landslides below the curve.

A bootstrapping statistical technique is used to determine the uncertainty associated with the
parameters a and y that define the power law threshold curve (Peruccacci et al. 2012). In Eq. (2),
a and y are the mean values of the parameters resulting from the calculation of thresholds for
5000 synthetic series generated by the tool. Aa and Ay are the standard deviation of a and vy,
respectively. Each synthetic series contains the same number n of landslides as the original data
set but selected randomly with replacement (bootstrap technique). To calculate the thresholds, a
single (D,EL) pair is associated to each landslide. For each landslide in the individual synthetic
series, the algorithm samples randomly — with a probability w — a single rainfall condition from the
MRC data set. The extracted (D.,EL) pairs of the n landslide are used to define the thresholds.
The algorithm also uses the rainfall conditions with the maximum w to define thresholds for the
MPRC data set. The output of the bootstrapping technique consists of 5000 synthetic series of m
(DL,EL) pairs. Analysis of the m synthetic series allows calculating the mean value and the
uncertainty associated with the threshold parameters (a and y) and their respective uncertainties
(Aa and Ay). The uncertainties associated with the model parameters decrease as the number of
events increases and is also depending on the scatter of the (D,E) rainfall conditions around the
fit. Figure 18 shows an example of ED power law thresholds (T1, Ts, Tio, T20, T3s, and Tso)
corresponding to different non-exceedance probabilities (1%, 5%, 10%, 20%, 35% and 50%,

respectively).
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Figure 18. Example of ED rainfall thresholds at non-exceeding probabilities from 1% (T1)
to 50% (Tso) for the MPRC data set. Light grey dots are the (D.,EL) pairs. An example of the
effect of the threshold uncertainty is shown for Ts (light green shaded area).

Use of the algorithm accelerates greatly the compilation of large catalogues of rainfall events with

landslides and reduces the uncertainty in the definition of landslide-triggering rainfall events.
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5 RAINFALL THRESHOLDS

Using the catalogues of rainfall events with rock falls presented before, and adopting the tool
proposed by Melillo et al. (2018) we determined cumulated event rainfall-rainfall duration (ED)
thresholds, and their associated uncertainties, for the Gran Canaria and Tenerife test sites. Table
3 lists the number of MPRC used to define the thresholds, the equations of the power law curves
used to represent each threshold, with their associated uncertainty, and the range of validity for

the thresholds, expressed in hours or days.

Table 3. Rainfall ED thresholds at different non-exceedance probabilities (1%, 5%, 10%,
20%, 35% and 50%) for the Gran Canaria e Tenerife test sites. Note that D must be
expressed in days in the equations for the thresholds calculated with daily data, and in
hours in the equations for the thresholds calculated with hourly data.

Threshold Number of rainfall

e Threshold equation Duration range

name conditions

T1,can-d E = (8.3+1.0)xD(0-62£0.10)

Ts,can-d E = (12.3+1.2)xD(0-62£0.10)
Tio,can-d E = (15.1+1.4)xD(0:62:0.10)

53 1-11 days
T20,cand E = (19.5+1.8)xD(0:62:0.10)
Tss,can-d E = (25.5+2.5)xD(0-62:0.10)
Tso,can-d E = (31.943.6)xD(0-62¢0.10)
T1,Tend E = (11.6+0.6)xD(0-75:0.05)
Ts,Ten-d E = (16.3+0.8)xD(0-75:0.05)
T10,Ten-d E = (19.620.8)xD(0.75:0.05)
245 1-15 days

T20,Ten-d E = (24.4%1.0)xD(0.75+0.05)
Tss,Ten-d E = (30.6+1.4)xD(0-75:0.05)
Ts0,Ten-d E = (37.1+1.8)xD(0-75:0.05)
T1,Ten-h E = (2.8£0.3)xD(0-48£0.02)

Ts,Ten-h E = (4.310.4)xD(0-480.02)

T10,Ten-h 381 E = (5.3+0.5)xD(0:480.02)

2-712 hours

T20,Ten-h E = (6.9£0.6)xD(0-480.02)

Tss,Ten-h E = (9.1£0.7)xD(0-48£0.02)
Ts0,Ten-h E = (11.441.0)xD(048+0.02)

Figure 19 shows, in logarithmic coordinates, the distribution of the (D,E) rainfall conditions,
reconstructed with daily data, that have caused landslides in Gran Canaria (53 blue dots). In the
log-log plot, the blue curves are the 1% and 5% ED thresholds for the Gran Canaria test site
(T1.cand, Tscand). In Figure 20, the same thresholds are shown in linear coordinates and in the
range 1 < D < 7 days, a typical range of rainfall duration used to forecast rainfall-induced
landslides. The uncertainties associated with the thresholds (blue shaded areas in Figure 20) are

large due to the limited number of (D,E) rainfall conditions.
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Figure 19. Rainfall duration D (x-axis, in days) and cumulated event rainfall E (y-axis, in
mm) conditions that have produced landslides in Gran Canaria test site (53 blue dots).
Blue curves are the 1% and 5% power law thresholds (T1,can-d, Ts.can-d). Shaded area show
uncertainty associated with the threshold curve.
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Figure 20. 1% and 5% ED thresholds for Gran Canaria test site (Ticand, Ts.cand) in linear
coordinates, in the range of durations 1 £ D £7 days. Shaded areas show the uncertainty
associated with the threshold curves.

Figure 21 shows, in logarithmic coordinates, the distribution of the (D,E) rainfall conditions,
reconstructed using hourly data, that have caused landslide in Gran Canaria test site (29 orange
dots). In the log-log plot, the blue dashed curve is the trend line (fit) of the points. The small

number of conditions, precluded the calculation of the thresholds.
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Figure 21. Rainfall duration D (x-axis, in hours) and cumulated event rainfall E (y-axis, in
mm) conditions that have produced landslides in Gran Canaria test site (29 orange dots).
Dashed curve is the best fit.

Figure 22 shows, in logarithmic coordinates, the distribution of the (D,E) rainfall conditions,
reconstructed with daily data, that have caused landslides in Tenerife test site (245 green dots).
In the log-log plot, the green curves are the 1% and 5% ED thresholds for the Tenerife test site
(T1,Tend, TsTen-d). In Figure 23, the same thresholds are shown in linear coordinates and in the

range 1 < D <7 days.
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Figure 22. Rainfall duration D (x-axis, in days) and cumulated event rainfall E (y-axis, in
mm) conditions that have produced landslides ion Tenerife test site (245 green dots).
Green curves are the 1% and 5% power law thresholds (T1,7en-d, Ts,Ten-d). Shaded areas show
uncertainty associated with the threshold curves.
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Figure 23. 1% and 5% ED thresholds for Tenerife test site (TiTend, TsTend) in linear
coordinates, in the range of durations 1 £ D £7 days. Shaded areas show the uncertainty
associated with the threshold curves.

Figure 24 shows, in logarithmic coordinates, the distribution of the (D,E) rainfall conditions,
reconstructed with hourly data, that have caused landslides in Tenerife test site (381 purple dots).
In the log-log plot, the purple curves are the 1% and 5% ED hourly thresholds for the Tenerife

test site (T1.Ten-h, TsTen-h). In Figure 25, the same thresholds are shown in linear coordinates and
in the range 1 < D < 120 hours, a typical range of rainfall duration used to forecast rainfall-induced

landslides.
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Figure 24. Rainfall duration D (x-axis, in days) and cumulated event rainfall E (y-axis, in
mm) conditions that have produced landslides ion Tenerife test site (245 purple dots).
Purple curves are the 1% and 5% power law thresholds (T1,7en-h, T5,Ten-n). Shaded areas show
uncertainty associated with the threshold curves.
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Figure 25. 1% and 5% ED hourly thresholds for Tenerife test site (T1,en-h, T5Ten-h) in linear

coordinates, in the range of durations 1 < D < 120 hours. Shaded areas show the
uncertainty associated with the threshold curves.

Figure 26 portrays Ts1end (green curve) and Ts1en-h (purple curve) in logarithmic coordinates, with
the shaded area showing the uncertainty associated with the thresholds. The same thresholds
are reported in linear coordinates in Figure 27. Inspection of the figures reveals that Tstend iS
steeper and has a duration range shorter than TsTenh. The latter, give then limited uncertainty
range, has a higher reliability and can be implemented in an operative system for the prediction

of rainfall induced rock falls in the test site.
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Figure 26. 5% ED thresholds for Tenerife test site defined used daily and hourly rainfall

data (TsTten-d, TsTen-h) in logarithmic coordinates. Shaded areas show the uncertainty
associated with the threshold curves.
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Figure 27. 5% ED thresholds for Tenerife test site defined used daily and hourly rainfall
data (Ts.ten-d, TsTen-n) in logarithmic coordinates, in the range of durations 1 <D <120 hours.
Shaded areas show the uncertainty associated with the threshold curves.

Figure 28 portrays the ED power law rainfall thresholds (T1,ten-n, T5Ten-h, T10.Ten-h, T20,Ten-h, T35 Ten-
h, and Tso,Ten-h) cOrresponding to different non-exceedance probabilities (1%, 5%, 20%, 35% and
50%, respectively) for Tenerife test site obtained using hourly data. The equations are reported

in Table 3. These thresholds could be used for operative landslide prediction in Tenerife test site.
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Figure 28. ED rainfall thresholds at 1%, 5%, 10%, 20%, 35% and 50% non-exceeding

probabilities (Titen-h, TsTen-h, T10,Ten-h, T20Ten-h, T35Ten-h and Tsoten-h) fOr Tenerife test site
calculated using hourly data. Data shown in logarithmic coordinates.

Figure 29 portrays Ts,cand (blue curve), Tstend (green curve), and Ts ten-d-old (Qrey dashed curve)
in logarithmic coordinates, with the shaded area showing the uncertainty associated with the
thresholds. Ts1end_oid is the threshold defined for Tenerife test site in the previous release of the

report, with a few number of points. Inspection of the figure reveals that Tsten-d and TsTen-d_oid are
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very similar, almost completely overlapping. On the other hand, Ts.can and Ts,ten are less similar:
Ts.ten is higher and slightly steeper than Tscan. This could mean that, increasing rainfall duration,
a smaller amount of rainfall is necessary to trigger landslides in the Gran Canaria test site, rather
than in the Tenerife test site. Moreover, the thresholds defined for the Tenerife test site have
uncertainty regions smaller than the thresholds for Gran Canaria test site, because of the larger
number of MPRC and the distributions of the MPRC in the ED plane.

The trend for the Tenerife test site is confirmed by the new events and the new rainfall
measurements used in the present report. On the other hand, the trend for the Gran Canaria test
site has to be confirmed by collecting a larger number of events. In the latter case, a larger number
of rain gauges with hourly measurements would be necessary for increasing the number of rainfall
conditions responsible for the triggering of rock falls and, therefore, for allowing the calculation of

reliable hourly rainfall thresholds.
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Figure 29. Comparison between the 5% ED thresholds for Gran Canaria (Ts,can-d) and for
Tenerife (Tsten-d, Ts.Ten-d_old) test sites. Data shown in logarithmic coordinates.

The thresholds for different non-exceedance probabilities obtained for Tenerife test site using
hourly rainfall data (Figure 28) are suited for the design of probabilistic schemes for the prediction
of rainfall-induced landslides in early warning systems. An improvement in the number of rain
gauges providing hourly measurements, as well as in the number of recorded rock falls, would be
necessary in Gran Canaria test site in order to allow for the definition of reliable thresholds to be

used for the operative prediction of rainfall induces rock falls.
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