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Abstract. Over the last 40 years, many contributions havel Introduction

identified empirical rainfall thresholds (e.qg. rainfall intensity

(1) vs. rainfall duration D), cumulated rainfall vs. rainfall ) ] ] ) ) o
duration (ED), cumulated rainfall vs. rainfall intensity (E1)) Rainfallis a known trigger of landslides, and its role in initi-
for the possible initiation of shallow landslides, based on@ating slope instability depends on the local geological, mor-
local and global inventories. Although different methods to Phological and hydrological conditions, vegetation cover,
trace the threshold curves have been proposed and discuss@gd their complex interactions (De Vita and Reichenbach,
in literature, a systematic study to develop an automated prot998; Guzzetti, 1998; Wieczorek and Guzzetti, 2000). A
cedure to select the rainfall event responsible for the landS0mmon approach to relate rainfall measurements to the oc-
slide occurrence has only rarely been addressed. ObjectiveUrrence of landslides is to use empirical rainfall thrgsholds
criteria for estimating the rainfall responsible for the land- (8-9- Caine, 1980; Innes, 1983; Crosta and Frattini, 2000;

slide occurrence play a prominent role on the threshold val/Al€otti, 2004; Cannon and Gartner, 2005; Guzzetti et al,
ues. In this paper, two criteria for the identification of the 2007, 2008). To determine the thresholds, information on

effective rainfall events are presented. The first criterion is(i) the geographical location, (ii) the occurrence time of the
based on the analysis of the time series of rainfall mean intenl2ndslide, and (iii) the amount of rainfall that presumably
sity values over 1 month preceding the landslide occurrenceS@used the slope instability is necessary. Location and time
The second criterion is based on the analysis of the tren®f landslide occurrence are obtained from chronicles, histor-
in the time function of the cumulated mean intensity series/Cal archives, technical reports, aerial photography, satellite
calculated from the rainfall records measured through raifMagery, and time series of historical landslides. Information
gauges. The two criteria have been implemented in an auto®n rainfall measurements, including rainfall duratian @nd
mated procedure that is written in the R language. A sam<umulated event rainfall), considered responsible for the
ple of 100 shallow landslides collected in Italy from 2002 Slope failures is obtained typically from single rain gauges or
to 2012 was used to calibrate the procedure. The cumulatefOM networks of rain gauges (Aleotti, 2004; Guzzetti et al.,
event rainfall €) and duration ) of rainfall events that trig- ~ 2007), although examples exist of the use of satellite-derived
gered the documented landslides are calculated through tri@infall estimates (Hong et al., 2006; Bach Kirschbaum etal.,
new procedure and are fitted with power law in iheE dia- 2009). ) L B )

gram. The results are discussed by comparingXh& pairs A problem with the definition of empirical rainfall thresh-

calculated by the automated procedure and the ones by tHlds for possible landslide occurrence consists in the sub-
expert method. jectivity inherent to the determination of the rainfall condi-

tions that have resulted in landslides (Aleotti, 2004; Guzzetti
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et al., 2007; Brunetti et al., 2010; Melillo et al., 2014). In the period that precedes the rainfall event directly respon-
an attempt to overcome this limitation, we present a proce-sible for the landslide. These approaches are based on the
dure — and an associated code written in R, the free softwar@lentification of the length for the antecedent period that
environment for statistical computing and graphicsty(: can vary from a few hours (Larsen and Simon, 1993; Wil-
/lwww.r-project.org) — for the objective (i.e. reproducible) son and Wieczorek, 1995) to several months (Govi et al.,
determination of the rainfall conditions that triggered the 1985; Calcaterra et al., 2000; Cardinali et al., 2006), depend-
documented landslides. The procedure explores a record ofg on e.g. the rainfall history, the local physiography, the
rainfall measurements and determines the rainfall conditionslimatic conditions, and heuristic knowledge. Lumb (1975)
(i.e. the D, in hours, and th&, in millimetres), considered suggested that the antecedent rainfall cumulated in a period
responsible for the failure, using information on the land- of 15 days, combined with the rainfall intensity for the event,
slide occurrence time. The procedure does not consider theras responsible for the initiation of landslides in Hong Kong.
environmental (i.e. geological, morphological, hydrological, Campbell (1975), working in southern California, proposed a
meteorological or climatic) conditions under which the land- combination of the cumulated rainfall necessary to bring the
slide occurred. We tested the procedure using a sample dfoil to field capacity, and an event rainfall intensity exceed-
100 rainfall events that initiated 100 single landslides in Italy ing the minimum rate of surface infiltration to exceed soil
in the 11-year period from 2002 to 2012. drainage, so as to trigger soil slips in his study area. Govi et
al. (1985), working in Piedmont, NW ltaly, determined that
a 60-day antecedent rainfall exceeding 140 mm was needed
2 Background to trigger landslides, and that a total precipitation (i.e. the
antecedent plus the event rainfall) exceeding 300 mm was
Guzzetti et al. (2007, 2008) performed a critical review of the likely to initiate the landslides. Ng and Shi (1998), working
literature on empirical rainfall thresholds for possible land- in Hong Kong, indicated a critical duration of the antecedent
slide occurrence, pointing out inconsistencies in the use ofainfall between 3 and 7 days. Pasuto and Silvano (1998),
terms, in the rainfall metrics, and in the methods used to deworking in the Cordevole River basin, NE Italy, established
termine the thresholds. Guzzetti et al. (2007) grouped the apa 15-day period of cumulated rainfall for landslide occur-
proaches used to determine the thresholds into three broagnce, with the peak rainfall occurring 2 days before the
categories: (i) approaches that use precipitation measurdailure. Rahardjo et al. (2001), working in Singapore, sug-
ments obtained for rainfall events that have resulted (or havgested 5 days of antecedent rainfall as the critical duration
not resulted) in landslides, (ii) approaches that consider thdor landslide occurrence. Cardinali et al. (2006) established
antecedent rainfall conditions, and (iii) other approaches thathat landslides in SW Umbria, Italy, are likely to occur when
use combinations of indexes representative for both event anthe antecedent rainfall exceeds 590 mm in a 3-month period,
antecedent rainfalls calibrated on different case studies. Ther 700 mm in a 4-month period. Glade et al. (2000), working
first two types of approaches are discussed hereatfter. in New Zealand, proposed a combined model that considered
Approaches of the first type solely consider the eventthe rainfall fallen during the day of the landslide and the an-
rainfall (i.e. the rainfall fallen during the rainfall-triggering tecedent rainfall in a period of 10 days before the landslide.
event), and do not take into account the antecedent rainThe antecedent rainfall was weighted on the temporal dis-
fall conditions. Moreover, they do not suggest any generaltance from the day of the landslide.
rules to identify the rainfall responsible for landslide initia-  Guzzetti et al. (2007) pointed out that, regardless of the
tion. These studies focus on empirical evidence drawn fromadopted approach, a common problem for many investiga-
specific sites without attempting to derive criteria to be usedtions is the lack of unambiguous criteria for the identifica-
elsewhere. Many of these are the contributions in this studytion of the duration of the rainfall event considered responsi-
but only a few of them are cited herein. For instance, On-ble for the landslide occurrence. Uncertainty about the dura-
odera et al. (1974) showed that the number of landslides irtion of the rainfall affects the measurement of the cumulated
Japan increased significantly when the cumulated event rainevent rainfall, and the computation of the rainfall mean in-
fall exceeded 150 to 200 mm, and the rainfall mean inten-tensity. Only a few authors have specified clear criteria to
sity exceeded 20 to 30 mnth. Oberstelehn (1976) found determine the duration of the rainfall event responsible for
that about 250 mm of cumulated event rainfall were neces{andslide occurrence. Aleotti (2004), working in Piedmont,
sary to trigger landslides in the San Benito County, Califor- NW Italy, proposed using the rainfall duration between the
nia. Nilsen et al. (1976), working in the Alameda County, time when the cumulated rainfall curve exhibits an abrupt
California, showed that landslides occurred when the cumud{distinct) increase (i.e. significantly augmented rainfall in-
lated event rainfall exceeded 180 mm. Brand et al. (1984}ensity) and the time when the landslide occurred or was re-
suggested that landslides in Hong Kong were triggered byported. A disadvantage of this approach is that, although the
rainfall events exceeding 175mm in 24 h, or 70mm in 1 h. criteria for the definition of the event and the computation of
Approaches of the second type take into account the anthe rainfall metrics were specified, tthe criteria were decided
tecedent rainfall conditions, i.e. the precipitation fallen in for site-specific conditions and no attempts were performed
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to calibrate them under diverse climatic and geographic conthe heuristic method, a specific criterion determines the min-
ditions. Thus, no general rules are drawn up elsewhere formum length of the dry period to separate two rainfall events.
predicting the rainfall conditions for landslide initiation. In Decision on the length of the dry period depends primarily
an attempt to overcome — or to mitigate — this problem, weon the local climatic conditions. Brunetti et al. (2010) con-
propose an objective procedure for the identification ofthe sidered a 2-day (48 h) period without rainfall (dry period)
of rainfall events responsible for landslides. The automatedo separate rainfall events during the late spring and sum-
procedure is based on a set of criteria that are similar to thosener period (May—September), and a 4-day (96 h) period for
used by Brunetti et al. (2010) to manually determine the rain-the other seasons (October—April). Peruccacci et al. (2012)
fall conditions that have resulted in landslides in Italy (here- adopted the same criteria to identify rainfall events with land-
after named the expert method). In Sect. 3, the expert methodlides in the Abruzzo, Marche and Umbria regions, central
is recalled and described. Section 4 illustrates the automatellaly. Vennari et al. (2014), working in Calabria, southern
procedure, which reconstructs automatically the rainfall (  Italy, used a 2-day period without rainfall between April and
E) conditions that have resulted in landslides. Section 5 de-October, and a 4-day period between November and March
scribes a case study. Finally, Sect. 6 discusses results frono separate successive rainfall events.
the automated procedure and the expert method in terms of Once theTs and the end timeTg) of a rainfall event are
the (D, E) pairs and the empirical mean rainfall threshold identified, the duration of the eventi¥= T — Ts (in hours)
curves. and the corresponding is the sum of the rainfall fallen in
the time intervalD (in millimetres). The rainfall mean inten-
sityis/ = E/D (inmmh™1).
3 The expert method The heuristic, expert method is apparently straightforward
to apply, but it involves a high subjectivity. Further, results
Brunetti et al. (2010), working in Italy, proposed a heuristic, of a long-term project for the collection of information on
expert method that exploits landslide and rainfall informa- the rainfall conditions that have resulted in landslides in Italy
tion for determining theD (in hours), and the rainfall mean (Gariano et al., 2012) indicate that it is difficult for an inves-
intensity I (in mmh~1) that is presumably responsible for tigator to apply the established criteria rigorously, and to be
the observed landslides. consistent with the identification of the rainfall events. The
The information on the geographical location of the land- higher the number of investigators, the higher the subjectiv-
slide is used to select the rain gauge that likely measured thiay, which makes it difficult to prepare accurate catalogues
rainfall responsible for the slope failure (representative rainof rainfall events with landslides for large geographical ar-
gauge). Criteria for selecting the representative rain gauge ineas. Moreover, the heuristic reconstruction of rainfall events
clude (i) its geographical distance from the landslide, (ii) theis a labour-intensive, time-consuming and error-prone activ-
difference between its elevation and the landslide elevationity that limits the definition of reliable rainfall thresholds for
and (iii) the general physiographical settings in the areaghe possible occurrence of landslides.
where the landslide and the rain gauge are located. When
a representative rain gauge is selected, the method uses the
known or inferred time of the landslide to determine the 4 The automated procedure
“end time” Tg of the rainfall event responsible for the fail-
ure. The end time is taken to coincide with the hour, the endThe automated procedure reproduces the actions performed
of the period of the day (e.g. night, morning, noon, after- by an investigator who examines a record of hourly rainfall
noon, evening), or the end of the day when the landslide ocmeasurements searching for a rainfall period responsible for
curred, depending on the temporal accuracy associated witthe initiation of a documented landslide. To identify the rain-
each landslide information (Brunetti et al., 2010). For shal-fall period in the record, the investigator (and the procedure)
low landslides that failed after the end of the rainfall event (aneeds information on th&s and theTg of the rainfall event.
rare but possible situation, e.g. Guzzetti et al., 2004), the end\s for the expert method, th& coincides with the land-
time is taken to coincide with the end of the rainfall event. slide occurrence time, most commonly obtained from chron-
The selection of the “start time"Tg) of the rainfall event icles, anecdotal information, or from a catalogue of landslide
is more difficult, and requires additional selection criteria. events (Brunetti et al., 2010). Again, when the landslide oc-
Rainfall is not necessarily continuous, and, consequently, iturs after the end of the rainfall period, tffe coincides
results in being difficult to separate successive rainfall eventswith the end of the rainfall period. In this work, we define
A typical rainfall event consists of periods of rain separateda rainfall event as an ensemble of consecutive rainfall and
by dry periods without rain. Some of the dry periods are shortdry periods responsible for the occurrence of a known land-
(of the order of hours), and do not affect the identification of slide. The length of the dry periods that separate two succes-
the rainfall event. When the dry periods are long, their effectsive rainfall events A7p) can vary depending on seasonal
can be relevant, and the preceding and the following rainfallor climatic conditions (Peruccacci et al., 2012). To cope with
measurements are considered as distinct rainfall events. Ithis variability, the procedure uses different lengths of the dry
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Figure 2. The rainfall record read by the automated procedure (in-
Amalysis of st put step), for which the time length is 30 days before the date of the
longer rainfall in C{IW)}, CAW,)} C{IW,) landslide.
r;cgr;iz\)o&'l;h and for AT =48, 72 h that satisfies:
backwards C{I(W+AT)}-C{I(W)}= AC <¢
from TE
data” in the record. These missing data, hidden in the rainfall
records, correspond to temporary rain gauges out of service
e R and can last for many hours. They can be a source of errors in
the rainfall event is found: T2 T, the identification of thep, E) condition responsible for the
v failure. Hence, if these are detected, the procedure interrupts
Calculate the actual T, from and the reconstruction of that rainfall event is skipped.
the original rainfall record
: Y : 4.2 Calculation of cumulated mean rainfall intensities
Rainfall Duration (D)
Cumulated Rainfall (E) OUTPUT

Rainfall mean intensity (I)

In step 2, starting fronfg and moving backwards in time,
the procedure calculates the rainfall mean intengitythin
non-overlapping time windowdX(s) of variable fixed length.
Here, we uséVy =3 h, W =6 h, andW3 = 12 h, but the win-

Figure 1. Flowchart of the automated procedure summarized into yqy length can be changed according to specific require-
five steps, and two input and output steps.

ments. The procedure calculates three time series of rain-
fall mean intensity values:{(W1)}, { I (W2)}, and {I (W3)}.
Each intensity value is assigned to the end ofitheHence,

periods. We test the automated procedure setting two dry pethe intensity series show a zero valugaand the first inten-
riod lengths (i.eATp =48h andATp =72 h). These values  sity value atl’ = W. Figures 3a, d, and f show the preceding
can be changed according to the local seasonal or climatigteps. Intensity series are useful to highlight the rainy pattern

conditions.

by smoothing the small amount of rain that is not relevant

In the following, we explain the new procedure in five for the landslide initiation. The number of computed values
steps. Figure 1 shows the logical framework for the proce-(N) in the three time series decreases as the length of the time

dure.

4.1 Data input and preliminary processing

At the input stage, the landslide occurreriteis read (by

window increases; i.eY; = 240,N> = 120, andV3 = 60 for
W1, W2 and W3, respectively.

In step 3, for eachV, the procedure cumulates the calcu-
lated rainfall mean intensity value€’), and outputs three
cumulated time series of mean rainfall intensity values:

the automated procedure) together with the rainfall measure€1{1(W1)}, C2{1(W>)} and C3{1(W3)} (Fig. 3b, c, ). Use
ments recorded by the representative rain gauge, for a timef Ws of different lengths is performed in an attempt to cap-

ture differences in the rainfall temporal pattern responsible

span ) equal to 30 days (720 h) befofe. The P value is
a preliminary choice that the operator can change accordindor the landslide. For instance, for a rainfall characterized by
to the climatic conditions. short, rainy, and dry periods, a short window of 3 hours high-
In step 1, the record of hourly rainfall measurementslights the rainfall conditions that caused the landslide well,
(Fig. 2) is entered and checked by the procedure. As a matwhereas, for a rainfall with long rainy period separated by
ter of fact, before proceeding with the identification of the long dry periods, a window of 12 h is more suited to high-
rainfall eventTs, the procedure identifies possible “missing lighting the rainfall conditions that initiated the failure.

Nat. Hazards Earth Syst. Sci., 14, 2392408 2014 www.nat-hazards-earth-syst-sci.net/14/2399/2014/



G. Vessia et al.: Rainfall events responsible for shallow landslides 2403

8.0

=
S

o n
=3 (=]
i)
=}

w

=3
v
S

by

=3
IS
S

g
=)
Sy
S

Mean Intensity (mm/h)

S
=)

w
(=]

Cumulated Mean Intensity (mm/h)
w
=]

0.0

0
0 72 144 216 288 360 432 504 576 648 720 0 72 144 216 288 360 432 504 576 648 720
Te Time (h) Te Time (h)

el

o
=
=3

=N
S

%3
S

w o s w
> o o

Mean Intensity (mm/h)

g
=)
)
S

=
Cumulated Mean Intensity (mm/h)
w

c) d)
0.0 A/\J\_AJ\—/L_/L/\N

70 | W —we
72 144 216 288 360 432 504 576 648 720

-P ; 0 72 144 216 288 360 432 504 576 648 720
E Time (h) Te Time (h)

o
2

e) )
— W3 —Ws

v o
S S

&

o
IS
S

Mean Intensity (mm/h)
w

g

=)
1)
S

=3
=)

Cumulated Mean Intensity (mm/h)
w
(=]

0
0 72 144 216 288 360 432 504 576 648 720 0 72 144 216 288 360 432 504 576 648 720
Te Time (h) Te Time (h)

Il
=3

Figure 3. The automated procedure steps 2 and 3 (Fig. 1) are applied to the case study reported in Fig. 2. Starting from the input rainfall
record, the time series of the mean intensif@s(c), and(e), and the cumulated mean intensit{b}, (d), and(f) are calculated. These series

of 1 month (720 h) are plotted with the time axis inverted, that is, the time in which 0 coincide§witfhe plots(a) and(b) refer to the

time window Wy; the plots(c) and(d) to W»; the plots(e) and(f) to W3.

4.3 Examination of the cumulated rainfall mean whetherAC < g, wheree is the maximum rainfall mean in-
intensity series tensity in the periodA7p that can be considered ineffective
for the initiation of a landslide. The value efdepends on

multiple conditions, including the type of landslide, the me-

Next, in step 4, the procedure explores the three cumusgqgagical and climatic conditions, and the local land use.
lated mean intensity curveg:1 {1 (W)}, Co{l(W2)}, and  pq he discussion, we use= 0.2 mm L. This value can
Cs{1(Wa)}, starting from 7. It searches for those portions changed by the operator

of the curves characterized by negligible rainfall amounts

t_ha_t can reasonably_ be considereq ineffective for the ini'repeated shifting backwards in tirfie= T; + W, and repeat-
tiation of the landslide. These periods are flat (very Iowmg the calculation. fAC < ¢, then the corresponding is

gradient) portions of the cumulated curves. The case Olgjacted and assumed as the approximate start time of the
Co{ 1(W2)} is illustrated in Fig. 4a. To identify the flat por- i a1 event €2). InFig. 4b,T; = Tyy = T2 = 66 h,

tions, the procedure starts from (e.g. 71 = 6h in the in-
set of Fig. 4a) and calculates the difference between two cug.4  Searching for the actualTs

mulated valueAC at T; + ATp and atT;, whereT; varies

betweenTy =Wy, To=T1+W> ... Ty =Tn_1+ W for To decide which is the actudls, in step 5, the procedure
N =112. In the Fig. 4a insefly, T» ... Ty11 are considered goes back to the original hourly rainfall series in the selected
for Co{1(W2)}and ATp = 48h. Then, the procedure checks time interval [, Tg] (as shown in Fig. 4c). The actud$ is

If AC > ¢, the test is not satisfied, and the procedure is
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40 , Table 1. Percentage of landslide events in each Kdppen-Geiger cli-
. [ W2 ATp=48h mate types (Peel et al., 2007): CS — temperate type with dry sum-
mer; CF — temperate type without dry season; DW — cold type with
dry winter.

v
(=1

1%
w

% events  Kdppen—Geiger climate types

[3~3
(=]

“o

0 6 1218 24 30 36 42 48 54 60 66 72 78 84 90 96 102108114 40 CF
T Ty
' Time by 50 CS

S 10 DW
/_,—

0 o 240 360 450 600 220 10, 20, or 30 min), to rainfall cumulated over more than 1
T, Time (h) hour (e.g. every 2, 3, 6, 12h), or to daily rainfall measure-
24/12/2010 21:00 22/12/2010 04:00 ments. The script works with rainfall data cumulated over

6 3 fixed periods, and cannot be used on the raw data recorded

by a rain gauge. Raw records of rainfall measurements con-

sist typically of unevenly spaced sequences of timings when
a rainfall measurement was recorded, and can contain spu-
rious or service information (e.g. codes used to report spe-
cific errors or malfunctioning conditions). The raw rainfall
measurements transmitted by the rain gauge need to be pre-
processed before they can be used by the script.

w

S

w

Cumulated Mean Intensity (mmvh)

0

5

Rainfall (mm)
W s

38

0 6
Tg

o —_

! | “|"|l 5 Discussion on possible applications of the automated
24 30 36 42 48 54 60 66 procedure

Time (h) Iy Ts*

| |‘.|.‘||H
12 18
Figure 4. The automated procedure steps 4 and 5 (Fig. 2) are ap:l’he procedure is applied to automatically reconstruct 100

plied to the case study reported in Fig. 2., stef(a):the cumu- rainfall events that initiated 100 single landslides in Italy

lated mean intensity related to the cd&e= 6 h andATp is anal- (Fig. 5). Thgse even_ts_ occurred in different physiographic
ysed to find out the cumulated mean intensity difference< s =  and geological conditions. Although they cannot be con-
0.2mm ML, where a flat trend is detecteth) The zoom in the ~ Sidered representative for all the possible combinations of
cumulated mean intensity shows, in detail, how this difference isphysiographic characteristic in Italy, they cover the Alps, the
calculated betweeffy ... T11 and T114gh - ... T11+48n Step 5:  Apennines, and the complex settings of Calabria and Sicily,
(c) whenT¢ is found out, the procedure goes back to the rainfall southern Italy. In this specific case, the 100 landslides are
series and analyses the record portion betw&gng] inorderto  extracted from the 2000 pairs relating to the Italian terri-
calculateTs. tory, considering different characters of climatic conditions
and altitude (see also Tables 1 and 2). This sample, which
will be considered as a double blind test on two possible
taken as the first rainy hour before thg. In the example in  methods to reconstruct the rainfall event responsible for shal-
Fig. 4c, theTs* is 66 h, but theTs is identified at 63 h due to  low landslide onset, is a small sample from a larger cata-

the presence of 3 hours without rain. logue of more than 2000 rainfall events with landslides com-

Finally, the procedure calculates as the output values theiled by the CNR IRPI research group (Rossi et al., 2012).
D, the E, and thel of the identified rainfall event. The 100 landslide events have one common feature: they are

single landslides within our catalogue. These single land-

4.5 Software slide events correspond to the first-known triggering land-

slide time among the multiple landslide events we collected.
The described procedure is implemented in a specific scripNonetheless, the authors cannot exclude that, for each con-
written for R, the free software environment for statisti- sidered landslide, others happened simultaneously or nearby.
cal computing and graphichttp://www.r-project.orgl. The Moreover, with respect to the time of unknown possible si-
script reads the input rainfall and ancillary data from stan-multaneous landslides, the authors maintain that the six pos-
dard text files, and outputs the results in the form of standardible (D, E) pairs derived by the procedure can be repre-
text and Adob®& PDF files. The script is independent of the sentative for the unknown cases relating to the same rain
temporal resolution of the rainfall measurement. It is imple- gauge. Then, a discussion on the resulting 100 K) pairs
mented and tested using hourly rainfall data, but it is appli-calculated by the new procedure and the expert method (see
cable to sub-hourly data (e.g. rainfall measurements every 55ect. 3) is undertaken.
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http://www.r-project.org/

G. Vessia et al.: Rainfall events responsible for shallow landslides 2405

Table 2. Percentage of landslide events in six elevation intervals. N

% events Elevation interval

34.3 <400
36.3 > 400< 600
12.7 > 600< 800
4.9 > 800< 1000
4.9 > 1000< 1200
6.9 > 1200

The procedure reads the rain gauge measures of rainfa
time series resulted in shallow landslides and provides six
(D, E) pairs obtained from the combinations @f (W1,

W, and W3) and ATp (48 and 72h). For the 100 consid-
ered landslides, the procedure calculates 100 K) pairs

for each combination (black circles), which are compared
with the 100 O, E) pairs (red squares) obtained from the
expert method (Fig. 6a—f). It can be appreciated that, for
each landslide, the expert method proposes one rainfall even
whereas the automated procedure calculates six possib
rainfall events. The calculated 100 ( E) pairs exhibit six
mean power-law trends (the best-fit curve resulting from the
ordinary least squares) close to the expert mean power-lav | ggeng

trend. However, the best agreement between the automate . ..

procedure and the expert method is achieved with the combi

nationW, andATp = 72 h (Fig. 6e). Furthermore, it is worth — ey
noticing that the six mean power-law trends, obtained using

the new procedure, show a slope higher than or egial ( Figure 5. Locatio_ns of the 100 shallow Iapdslides considered in this
and ATp = 72 h) to that obtained using the expert method. study on the Italian territory over the period 2002—-2012.

This means that the automated procedure reconstructs more

severe rainfall conditions that triggered landslides than the

expert method. In other words, the automated method recon-

structs longer rainfall events (longer durations) than the ex¢  Final remarks

pert method. This implies taking into account higher cumu-

lated values. The differences between each 100 pairs from th&he proposed procedure calculates the rainfall conditions
automated and the expert methods are as high as 40 %. Frorasponsible for the landslide initiation using measurements
Figs. 6a—f and 7a, it can be appreciated that these differencefsom rain gauges. This procedure is among the first attempts
are not that relevant in terms of mean trends. Considering théo recognize, in the series of rainy periods, objective rules
data scatters, only a few cumulated values from automatedor determining the rainfall conditiong), E andI) that re-
method (Figs. 6d, e, and 7a) are lower than the expert onesulted in landslides. It is based on an algorithm that uses the
Larger samples of pairs are needed to explain these cases. three variables, W, and ATp. These must be calibrated as

Figures 7a—b plot a grand total of 60D, E) pairs to-  a function of the local climate and rainfall characters. In the
gether with the 100 from the expert method: the two meanpresent release, the limitations of this procedure are (1) its
power laws keep similar trends. The differences in the twoempirical bases for the calibrationgfand (2) its application
trends are more evident in the log-log graph (Fig. 7a). Fig-to a limited number of rainfall events and to narrow territo-
ure 7b shows the two trends plotted in a semi-logarithmicrial extension. The procedure has been applied to a sample
chart: the difference appears to be very slight and constant inf 100 landslides which occurred in Italy in the period from
time. 2002 to 2012, showing results similar to those obtained with

In conclusion, the application to a sample of 100 rainfall- the expert method in terms of mean power-law trends. The
induced landslides shows that the automated procedure emew procedure therefore seems to be useful in building na-
ables the reconstruction of multipl®( E) pairs responsible tional or regional empirical rainfall thresholds. However, it
for the failures. A detailed calibration of the variables usedshall be further validated on a wider sample of landslides,
within the procedure is needed to make it applicable to otheand on worldwide inventories, as well.
settings with different climatic conditions.
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Figure 6. The plots of 100 D, E) pairs calculated by the expert method (red square) and the automated procedure (black circle) for six
combinations o andATp: (a) W1 andATp = 48 h;(b) Wo andATp =48 h;(c) W3 andATp =48 h;(d) Wy andATp = 72h;(e) W»
andATp = 72h;(f) W3 andATp = 72 h. Black and red lines are the mean trends of the automated and expert procedures, respectively.
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Figure 7. The plots of O, E) pairs and their mean trend lines (red for the expert method and black for automated procedure) for 100 pairs
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chart.
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