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Abstract. In many areas, rainfall is the primary trigger of forecasting, and we determined sepata2thresholds for
landslides. Determining the rainfall conditions responsiblethe Tyrrhenian and the lonian coasts of Calabria. We expect
for landslide occurrence is important, and may contribute tothe ED rainfall thresholds for Calabria to be used in regional
saving lives and properties. In a long-term national projectand national landslide warning systems. The thresholds can
for the definition of rainfall thresholds for possible landslide also be used for landslide hazard and risk assessments, and
occurrence in Italy, we compiled a catalogue of 186 rainfall for erosion and landscape evolution studies, in the study area
events that resulted in 251 shallow landslides in Calabriaand in similar physiographic regions in the Mediterranean
southern Italy, from January 1996 to September 2011. Landarea.

slides were located geographically using Google E3réimd
were given a mapping and a temporal accuracy. We used

the landslide information, and sub-hourly rainfall measure-

ments obtained from two complementary networks of rainl Introduction

gauges, to determine cumulated event vs. rainfall duration

(ED) thresholds for Calabria. For this purpose, we adopted'” Italy, rainfall-induced landslides are common geomorpho-
an existing method used to prepare rainfall thresholds and téPgical events that cause economic and environmental dam-
estimate their associated uncertainties in central Italy. The re2d€, and casualties (Salvati et al., 2010). Due to the mor-
gional thresholds for Calabria were found to be nearly iden-Phological, geologic and climatic settings, rainfall-induced
tical to previousED thresholds for Calabria obtained using landslides are frequent and abundant in Calabria, a region in
a reduced set of landslide information, and slightly highersouthern Italy (Sorriso-Valvo, 1993; Gulla et al., 2008; lovine
than theED thresholds obtained for central Italy. We seg- €t al., 2009; Trigila et al., 2010). In the framework of a na-
mented the regional catalogue of rainfall events with land-tional project for the definition of rainfall thresholds for pos-
slides in Calabria into lithology, soil regions, rainfall zones, Sible landslide occurrence, and for the implementation of a
and seasonal periods. The number of events in each subdationwide landslide warning system in Italy (Brunetti et al.,
vision was insufficient to determine reliable thresholds, but2010; Rossi et al., 2012), we have defined empirical rainfall
allowed for preliminary conclusions about the role of the en-thresholds for shallow landslide occurrence in Calabria.
vironmental factors in the rainfall conditions responsible for N this work, we introduce the landslide information and
shallow landslides in Calabria. We further segmented the rethe rainfall data used to define the thresholds in Calabria,
gional catalogue based on administrative subdivisions use¥€ present the regional thresholds and their uncertainties,

for hydro-meteorological monitoring and operational flood @1d we discuss limits to the definition of rainfall thresh-
olds for possible landslide occurrence in the region. The
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318 C. Vennari et al.: Rainfall thresholds for shallow landslide occurrence in Calabria, southern Italy

paper is organized as follows. In Sect. 2, we provide back-event E — rainfall durationD (ED) threshold for possible
ground information on the definition and use of empirical debris flow occurrence, given by the power-law equation
rainfall thresholds for landslide occurrence, focusing on cu-E = 4.9355 D%5041 Again, based on this relationship, when
mulated event rainfall — rainfall duratiorED) thresholds  E < 4.9355 D%5%41debris flow activity is unlikely. More re-
(Guzzetti et al., 2007, 2008). This is followed by a descrip- cently, Kanji et al. (2003) collected information on the rain-
tion of the study area (Sect. 3), and of the data used and thfall conditions that resulted in debris flows and landslides
method adopted to define the thresholds (Sect. 4). In Sect. 5n several geographical areas, and proposed the global mini-
we present th&D thresholds, including regional thresholds, mumED thresholdE = 22.4. D041,
and thresholds prepared for different subdivisions based on Guzzetti et al. (2007, 2008) reviewed the literature on rain-
lithology, soil types, rainfall and seasonal characteristics, andall thresholds for possible landslide occurrence and recog-
administrative subdivisions for hydro-meteorological moni- nized that many of the thresholds were defined using ill-
toring and forecasting. Next, we discuss the results obtainedormalized, poorly documented, or non-reproducible meth-
and we compare thED thresholds defined for Calabria to ods. The lack of standards has negative consequences for the
similar thresholds available for other areas in Italy. We con-possible use of the thresholds. In an attempt to measure the
clude (Sect. 7), summarizing the lessons learned. uncertainty inherent in the thresholds, Brunetti et al. (2010)
and Peruccacci et al. (2012) proposed an objective method
for the definition of empirical rainfall thresholds based on
2 Background a statisticalfrequentistapproach. In particular, Brunetti et
al. (2010) collected information on 753 rainfall events that
In the literature, rainfall-induced shallow landslides, includ- triggered landslides in Italy from 1841 to 2009, and defined
ing soil slips, soil slides, debris flows, and rock falls (Cruden ID thresholds for Italy and for the Abruzzo region, central
and Varnes, 1996), are predicted using empirical rainfallltaly. The regionallD threshold for Abruzzo was found to
thresholds or spatially distributed, physically based numer-be lower than the threshold defined for Italy, and lower than
ical models. In this work, we concentrate on the definition similar regionallD thresholds defined for areas in northern
of rainfall thresholds for the possible occurrence of shallowltaly by Aleotti (2004) and Ceriani et al. (1994), and in south-
landslides. Most commonly, a threshold defines the lowerern Italy by Calcaterra et al. (2000). Peruccacci et al. (2012)
bound of known rainfall conditions that resulted in landslides compiled a new catalogue of 442 rainfall events that trig-
(e.g. Reichenbach et al., 1998; Corominas, 2000; Crosta andered landslides in the Abruzzo, Marche, and Umbria re-
Frattini, 2001; Aleotti, 2004; Wieczorek and Glade, 2005). gions, central Italy, between 2002 and 2010, modified the
To establish a threshold, different types of rainfall measure-method proposed by Brunetti et al. (2010) to consider the
ments can be used (Guzzetti et al., 2007). Inspection of theincertainties associated with the definition of the parameters
literature reveals that most of the thresholds are determinedefining the thresholds, and propoged thresholds for dif-
considering the durationfy, in h) of the rainfall events, the ferent exceedance probabilities for the entire study area and
event cumulated rainfall{, in mm) or the mean rainfall in- for three administrative subdivisions, for the main litholog-
tensity ¢, in mmh 1) of the events that resulted in land- ical domains, and for different seasonal periods. The cumu-
slides. Rainfall thresholds can be defined for different geo-lated rainfall necessary to trigger landslides in the study area
graphical areas, from local to global thresholds (Guzzetti etwas found to be slightly larger for flysch deposits than for
al., 2007, 2008). soft post-orogenic sediments (clay, silt, sand, gravel) and for
Endo (1969), working on Hokkaido, Japan, was proba-sedimentary carbonate rocks. The thresholds for the dry and
bly the first to introduce the concept of a minimum amount the wet seasonal periods were found to be indistinguishable
of rainfall necessary to trigger a landslide. Onodera et al.for rainfall durations in the range 12 D < 100 h.
(1974), also working in Japan, were the first to propose quan-
titative rainfall thresholds for the possible initiation of land-
slides. Campbell (1975) studied the rainfall conditions that3 Study area
triggered soil slips in southern California in 1969, and sug-
gested that the failures were the result of the combination ofOur study area comprises the Calabria region that extends
cumulated rainfall and event rainfall intensity. Caine (1980) for 15080 kn? in southern Italy with elevation in the range
collected information on 73 rainfall intensity vs. rain-  from sea level to 2267 m at Monte Serra Dolcedorme, in
fall duration D conditions responsible for shallow landslides the Pollino range (Fig. 1). Most of the area consists of
globally, and was the first to propose a global (minimuBn)  crystalline-metamorphic nappes, Palaeozoic in age, that form
threshold expressed by the power-law equatica 14.82. the Calabrian Arc, and that were thrust onto Mesozoic—
D~939 Based on this relationship, whén< 14.82. D=93°  Cenozoic units comprising the Apennines mountain chain,
landslide activity is unlikely. Innes (1983) used informa- and were then covered by sedimentary rocks, Miocene
tion on 35 rainfall events that had resulted in debris flowsto Quaternary in age (Amodio Morelli et al., 1976). The
worldwide to establish a global minimum cumulated rainfall Calabrian—Sicilian rift zone (Monaco and Tortorici, 2000),
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16°0'0"E 17°00"E by regional meteorological fronts approaching transversally
the region, and by convective cells forming along the steep
coastal slopes. Cumulated annual precipitation ranges from
less than 500 mm along the coasts to more than 2000 mm
in the mountains. About 70% to 80 % of the annual pre-
cipitation falls from October to March, with only 10% of
the precipitation in the summer. Intense summer storms are
more frequent along the lonian (eastern) coast than along the
Tyrrhenian (western) coast (Terranova and laquinta, 2011).
Due to the local setting, landslides of different types and sizes
are abundant and frequent in Calabria (Sorriso-Valvo, 1993;
lovine et al., 2009). Recent regional studies have shown that
approximately 23 % of the territory is highly susceptible to
shallow landslides (Gulla et al., 2008).

40°0'0"N
40°0'0"N

39°0'0"N
39°0'0"N

4 Method

To determine rainfall thresholds for possible shallow land-
slide occurrence in Calabria, we first prepared a catalogue
of rainfall events that resulted in shallow landslides in the

P 2267 ma.s.l. region in the 16-year period from January 1996 to Septem-
ber 2011. The catalogue was compiled searching national
Bl O0masl and local newspapers and journals, local historical archives,

Internet blogs, and the scientific and technical literature. Ad-
ditional information was obtained searching the archive of
the local fire brigades of Cosenza Province. For each land-
slide we collected information on: (i) the geographical lo-
16°00"E 17°00"E cation of the landslide, including latitude, longitude and el-

Fig. 1. Terrain elevation map for Calabria, southern Italy. Shades Ofevatlon, (i) the time or period of occurrence of the slope

colour show terrain elevations from sea level (dark green) to 2267 mfallure, and (iii) the landslide type, C|aSS!erd acco_rdmg to
(brown). Red dots show location of rain gauges of the National De-Cruden and Varnes (1996). The geographical coordinates and
partment of Civil Protection. White squares show location of rain the elevation of the individual landslides were obtained using
gauges of the Regional Agency for Environmental Protection in Google Eartff. Individual landslides were mapped as points,
Calabria. White dashed lines are province boundaries. Legend: Csnd were given a level of geographic accuragy, Pio,
Cosenza; CZ, Catanzaro; KR, Crotone; RC, Reggio di Calabria; VV,or P1gg, depending on the detail of the information source.
Vibo Valentia. Adopting the approach proposed by Peruccacci et al. (2012),
we considered a circular buffer to define high (< 1 kn?),
medium (1< P1g < 10kn?), or low (10< P1gg < 100 kn?)
a system of active normal faults along the western side of theaccuracy. Since accurate information on the time (or the pe-
Calabrian Arc, produced intense regional uplift. The uplift riod) of occurrence of a landslide is difficult to obtain and
started in the Pleistocene, and was responsible for the intenge temporal information is often affected by considerable
historical seismicity of the area (Monachesi and Stucchi,uncertainty (Guzzetti et al., 2007), a level of temporal accu-
1997; Boschi et al., 2000). Due to the complex geodynamicracy was assigned to each landslide, in three classes: high
history (Monaco and Tortorici, 2000; Tortorici et al., 1995; when the hour of occurrence of the failure was known, inter-
Westaway, 1993), in Calabria rocks are highly deformed,mediate when the period of the day (e.g. morning, midday,
fragmented, and deeply weathered. Landscape is hilly oafternoon, evening, night) was known, and low when only
mountainous, with lowlands confined to local tectonic de-the day of occurrence was known.
pressions and along the coasts. The mountains are made of When the geographical location and the time (or period)
crystalline-metamorphic rocks mantled by thick soils, ex- of occurrence of a landslide were established, the rainfall du-
cept in the northernmost portion of the region and in tec-ration D and the cumulated event rainfall that (presum-
tonic windows where carbonate rocks crop out. In the hillsably) caused the failure were determined using two syner-
crop out clastic sediments, whereas clay, silt and sand argic sources of rainfall information. The first source of in-
most abundant in the coastal plains. Orography controls théormation was the national database of rainfall measure-
precipitation regime (Bellecci et al., 2002), which is driven ments assembled and managed by the National Department

e DPC rain gauges
O ARPACAL rain rauges

38°0'0"N
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for Civil Protection. For Calabria, and at the time of the e e s s sssssss ===

study, this database contained sub-hourly rainfall measurecs ¢ « cos u cmecs mimoms  mems o

ments obtained by a network of 113 rain gauges. A secong J L L1,

source of rainfall information was the regional database Ofoz- I A LT %
sub-hourly rainfall measurements assembled and manage ?
by the Calabria Regional Agency for Environmental Protec-VV 1 SRR RN dER AR RN ﬂ

tion (ARPACAL). At the time of the study, this database con- rc cqa o a || B] mpn|p b | |ofed #
tained rainfall measurements obtained by a network of 154

rain gauges. Figure 1 shows the geographical locationanit g 5 s 2 9 sy 9 I8 9533 2cC A-O
2222RARJIQAQKIIQIKRR] mnNm

the spatial density of the rain gauges, and reveals that 75 rai .
ga_ll%:]e dse?srlr(:\ri]r?etotr?gtrainnigl\llocrI;?}. ditions considered respon—Fig' 2._Time_ distribution of 186_ rainfall events that resulted in 251

. ) B e landslides in the 16-year period from January 1996 to Septem-
sible for a |an.dS|'de' a rgpresentatlve ra'r_‘ gauge Wa_s S€her 2011 in the five provinces of Calabria. Legend: A=@pril
lected. Selection of the rain gauge was decided according tg, october seasonal period, N-MNovember to March seasonal
the following general criteria: (i) the geographical distance period. CS, Cosenza; CZ, Catanzaro; KR, Crotone; RC, Reggio di
between the landslide and the rain gauge should not exceedalabria; VVV, Vibo Valentia.
12 km, (ii) the elevation of the rain gauge and of the landslide
should be comparable, and (iii) the general physiographical
settings for the rain gauge and the landslide should also b&or the method, the threshold curves are described by power
comparable, e.g. they should be located on slopes facing thi&ws of the general fornkt = (« + Aa) - DY 47, wherea
same direction, or in the same or in similar valleys. is the scaling parameter (the intercept)s the shape param-

When the representative rain gauge was selected, the rairgter (the exponent) that controls the slope of the power-law

fall conditions considered responsible for the landslide werecurve, andAa and Ay are the uncertainties associated with
computed. To determine the rainfall measurements, the most andy, respectively. The method adopts a “bootstrap” non-
critical step was the selection of the “start time” and the “endParametric statistical technique (Efron, 1979; Efron and Tib-
time” of the rainfall event. For this purpose, the following shirani, 1994) to estimate the mean valuestandy, and
criteria were adopted. The “end time” of the rainfall event the associated uncertaintiésx and Ay (Peruccacci et al.,
was taken to coincide with the known or inferred time of the 2012).
landslide occurrence (i.e. the hour, the end of the period of
the day, or the end of the day for landslides characterizeqs Results
by a high, medium or low temporal accuracy, respectively).

The “start time” of the rainfall event was decided based on aqr fina| catalogue lists 186 rainfall events that resulted in
heuristic procedure that considered the (known or presumedys; gha|iow landslides in Calabria in the period from Jan-
meteorological conditions resulting in the rainfall event. For uary 1996 to September 2011. Table 1 and Fig. 2 summa-

events produced by regional frontal systems, & dry (n0 rain};,¢ the ahundance and the temporal distribution of the 186
period of two days between April and October (A-0), and of iy gering events in the five provinces in Calabria. The num-

four days between November and March (N-M) was used tQ)e; of events is largest for Cosenza Province, which cov-
separate successive events. The difference between the Qg 44 1 o4 of the region and comprises 60.2 % of the listed
periods is justified by the Mediterranean climate that dom-gyents. The temporal distribution of the events is similar for
inates the SIUdy, area. For ralnfalll events produced by Ic)C""{he five provinces. In the catalogue, the number of rainfall
convective conditions, the “start time” for the event was de- o ants with high, intermediate, and low temporal accuracy
cided by searching visually for an abrupt (distinct) increase;g gg (34.9%), 76 (40.9%), and 45 (24.2%), respectively.
in the slope of the cumulated rainfall curve. This is similar to The events listed in the catalogue have rainfall durations
what was proposed by Aleotti (2004). When the “start time” i, he range k D < 451 h and cumulated event rainfall in

an_d the “enc_i time”_ of the rainfall event were dgcided, thethe range 12.& E < 542.0 mm. Fig. 3 shows the cumulated
rainfall durationD (in hours) and the corresponding cumu- ., bar and the frequency of the rainfall duratibnand of

lated event rainfalE (in mm) were computed. the cumulated event rainfalf, for the 186 rainfall events in
To determine theéED rainfall thresholds, we adopted the {4 catalogue.

method proposed by Brunetti et al. (2010), and improved by

Peruccacci et al. (2012) The method allows for the def|n|-51 Cumulated event rainfall — rainfall duration (ED)
tion of empirical rainfall thresholds for different exceedance regional thresholds

probability levels, and for estimation of the uncertainty as-

sociated with the thresholds. This is a significant advantagéfhe 186 blue dots in Fig. 4 portray the rainfall duration
over pre-existing, heuristic or subjective methods for the def-vs. cumulated event rainfall), E) conditions that resulted
inition of rainfall thresholds (Guzzetti et al., 2007, 2008). in shallow landslides in Calabria in the investigated period.
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Table 1. Distribution of landslides in the five provinces of Calabria. The last three columns list the number of the landslides mapped for each
geographical mapping accuracy class (see text).

Province Area Landslides Pr Pig Pioo
(km?) (%) (#) (#perl000kf) (%) #H *#) #
Catanzaro Ccz 2392 15.9 29 12.1 11.6 6 15 8
Cosenza CS 6651 441 151 22.7 60.2 78 62 11
Crotone KR 1718 11.4 10 5.8 4.0 6 3 1
Reggio di Calabria RC 3180 211 38 11.9 15.1 13 20 5
Vibo Valentia \AY 1139 7.6 23 20.2 9.2 13 2 8
Total 15080 100.0 251 16.6 100.0 116 102 33
Cumulated rainfall, E (mm) 10 1h 14 2d 4d dw 2w 3w
100 101 102 103
200 ! : ] 186 events . .
—— cumulated rainfall 1.0 — | o % S, e
. duration i E D o ° e .‘ . % v, o
£ 150 A L 0.8 S . s e A4S 0 o Sire
g) i > W 10° ° '0.1" 8%0 00T 28, " o Tic
2 06 S ®
© 100 1 S c
@ r g '®
o Llog4 @ = 15
[S . [V ho] s T Tsc
2 50 1 I % 10" - E
0.2 = 1 g
L e g
o} 2 50
0 T T O E
100 10° 102 10° Tsc:E=(86+11)-D (041£0.03) ° 00 o 7% 30 0 00
Duration, D (h) 1o Duration, D (h)

‘ ‘0 - “1 o o ‘2 o 3
Fig. 3. Frequency curves of the rainfall durati@h (in hours) and 10 50 tion. D (h 10 10
the cumulated event rainfall (in mm) for the 186 rainfall D, E) uration, D ()
conditions that resulted in shallow landslides in Calabria in the 16-

. Fig. 4. Rainfall duration vs. cumulated event rainfald (E) con-
year period from January 1996 to September 2011. g (E)

ditions that resulted in shallow landslides in Calabria (blue dots),
and relatecED threshold at the 5% exceedance probability level.
Inset shows the threshold in linear coordinates. Shaded areas show
Visual inspection of the plot reveals that the empirical pointsuncertainties associated with the threshold.
are reasonably well distributed in the range of durations and
cumulated event rainfall to allow for the definition of reliable
thresholds (Brunetti et al., 2010; Peruccacci et al., 2012). Irthresholdsl; c andTs ¢ (Fig. 5e). The uncertaintieSa and
the plot, the blue line and the associated shaded area sho&y, represented by the error bars in Fig. 5a, ¢ and e and by
the 5%ED threshold {5,0), E = (8.6+1.1)- D(041+003  the square symbols in Fig. 5b, d and f, decrease as the num-
Table 2 lists the equations and the uncertainties associateger of events increases. In particular,fox 75, the values of
with the 1% ('1.c) and the 5% Ts,c) ED regional thresh-  « have not yet converged to their limits. For- 75, the aver-
olds defined for Calabria. age values of andy do not vary significantly (e.gr varies

We have analysed the uncertainty associated wittfEfbe less than 0.2), but the uncertainties remain significant (e.g.
regional thresholds (Fig. 5). The analysis was performedfor n = 186 the relative uncertainties atex/a = 13.8 % and
adopting the bootstrap non-parametric statistical techniquedy/y = 7.3 %).
proposed by Peruccacci et al. (2012). As expected, the vari-
ation in the mean values of the two parameterand y 5.2 Role of environmental factors
that controls the power-law threshold curves, and the associ-
ated uncertaintiesNae andAy), decreases when the number To investigate the role of different environmental factors in
of events increases. The mean value of the scaling paranthe rainfall conditions responsible for shallow landslides in
eter converges ta = 5.8 for Ty ¢ and toa = 8.6 for Ts ¢ Calabria, we segmented the regional catalogue into different
(Fig. 5a and c). Similarly, the mean value of the exponent ofsub-sets. The segmentation was performed on (i) the main
the power-law model converges rapidlyyto= 0.41, for both  lithological domains, (ii) the soil regions, (iii) the rainfall
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12 - A 50 - B 5.2.1 Lithological domains
‘ Using the lithological map of Italy compiled by Compagnoni
| et al. (1976-1983) at 1500 000 scale, we partitioned the
1 Calabria region into four broad lithological domains encom-
; passing (Fig. 6a): (i) carbonate rocks (CC, 13.6 % of the re-
2 0 ’ gion), including limestone, dolomitic limestone, dolostone,
s G n=175: D hard sandstone, and conglomerate, (ii) flysch deposits (FD,
1 ’ 1 30.1 %), comprising marl, shale, evaporite, and very low- to
| e 4142070 low-grade metamorphic rocks, (iii) metamorphic and crys-
30 talline rocks (MC, 30.6 %), comprising medium- to high-
S grade metamorphic rocks (gneiss), intrusive rocks (granite,
granodiorite), and ophiolites, and (iv) post-orogenic sedi-
ments (PO, 25.7 %), chiefly continental and marine clay, silt,
s E n=ws F sand, and gravel.
1 f Intersection in the GIS of the landslide layer with the
| Ay=053m0 lithological layer (Fig. 6a) identified 142 landslides (56.5 %)
;T for which at least 75 % of the representative circle was at-
tributed to a single (prevalent) lithological class, including:
: ‘ (i) 56 landslides (39.4%) in the PO domain (14.4 land-
 Nemberofevena ° o w10 20 slides per 1000 kR), (ii) 49 landslides (34.5%) in the MC
umber of events, n Number of events, n
domain (10.6 landslides per 1000&m (iii) 24 landslides
Fig. 5. Variation of the threshold model parametexsapndy) and (16.9%) in the FD domain (5.3 landslides per 100Gkm
of their uncertaintiesf« and Ay) as a function of the number of and (iv) 13 landslides (9.2 %) in the CC domain (6.3 land-
eventsn, for the 1% and the 5% exceedance probability levels. In slides per 1000 kﬁ) (Table 3).
the left plots, black dots show the average valuas (4, C) andy Figure 7a portrays the 119 rainfald( E) conditions that
(E), and the coloured bars show the relative variations. In the right.ac\,ited in the 142 shallow landslides in the four litholog-
o e e 1) domains. Thereuced number of empiical data poins i
emlpirical data. 9 each lithological domain (11 for CC, 23 for FD, 39 for MC,
and 46 for PO) was insufficient to determine reliable thresh-
olds. However, significant differences are not evident in the

regions, and on (iv) two seasonal periods. We further Segdistribution and the general trend of thB,(E) data points,

mented the catalogue into administrative alert zones defor the four lithological domains. Inspection of Fig. 7a shows
cided by the National Civil Protection Department for hydro- that the rainfall conditions responsible for landslides in the
meteorological operational forecasting and warning. MC and PO.IithoIogich domains cover the entire range of
To attribute a landslide to a specific environmental class'@infall durations, ranging from a few hours to several days
(e.g. a lithological type, soil region, rainfall region), the in- (1< D =<357h), whereas the conditions that caused land-
dividual landslides originally mapped as points were trans-Slides in the FD and CC domains are more numerous for du-
formed into circles, with the size (area) of the circle depen-rationsD > 10h. The apparent lack of events for short rain-
dent on the geographical accuracy of each landslide. Specifta" durations is probably due to the reduced number of events
ically, the area of the circles was = 0.5kn? for land- collected in the two FD and CC domains. The shape (e.g. dis-
slides attributed a high level of accuradgif, A = 5 kn? for persion and general shape) of the distribution/of £) pairs
landslides attributed a medium level of accuragygf, and for each lithological domain has to be confirmed by collect-
A = 50 kn? for landslides attributed a low level of accuracy N @ larger number of events.
(P100)- Next, the GIS layer containing the landslide circles
was intersected with the individual layers representing thed-2.2  Soil regions
individual environmental factors, or the administrative subdi-
vision, and the proportion of each class of terrain in the circle The Calabria Regional Agency for the Development and Ser-
was computed. Only landslides for which at least 75 % in avices in Agriculture published a soil map of Calabria, at
single environmental class was present in the representativé: 250 000 scale (Fig. 6b) (ARSSA, 2003). The map shows
circle were selected and used for the subsequent analysefur soil regions characterized by distinct morphological,
The selection was adopted to assign the prevalent environlithological, climatic, and soil properties, including: (i) the

mental factor to each landslide (Peruccacci et al., 2012).  Pollino range and the neighbouring hills (SR1, 7.8 % of the
region), comprising mountains and hills where carbonate

rock crops out and climate is Mediterranean, (ii) the northern

@ (1%)
Aa (1%)

a (5%)
Aa. (5%)
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Table 2. Rainfall ED thresholds for shallow landslides in Calabria, in other areas in Italy, and globally. Number lists the number of rainfall
events used to define the threshold. Source: 1 to 6, this work; 7, Peruccacci et al. (2012); 8, Brunetti et al. (2013); 9, Innes (1983); 10, Kanji
et al. (2003).

Source Label Area Number  Equation Validity range (h)  Uncertainty

1 Tic Calabria 186 E =5.8.Dp0%41 1<D <451 Aa=0.8,Ay =0.03
2 Tsc Calabria 186 E =8.6-DO4! 1<D <451 Aa=1.1,Ay =0.03
3 Titar  Tyrrhenian Alert Region 117 E =6.7- D936 1< D <451 Aa=1.1,Ay =0.04
4 Tstar  Tyrrhenian Alert Region 117 E =9.7.p0%36 1< D <451 Aa=15Ay =0.04
5 Tyiar  lonian Alert Region 69 E =6.3-Dp%0 1<D <357 Aa =1.4,Ay =0.05
6 Tsar  lonian Alert Region 69 E =9.0.Dp050 1< D <357 Aa=1.8,Ay =0.05
7 Tsamu Abruzzo, Marche, Umbria 442 E=7.4.p038 1<D <1212 Ao =0.5,Ay =0.02
8 Tsca  Calabria 113 E =7.85. D043 1< D <1080 n.a.
9 Innes  Global threshold 35 E =4.9355. p05041  02< p <100 n.a.

10  Kanji Global threshold na. E=224.p%4 n.a. n.a.

lonian coastal zone (SR2, 4.1 %), comprising hills, coastal5.2.3 Rainfall regions
plains, and piedmont zones underlined by flysch rocks and

where the climate is mountainous Mediterranean, (iii) the ) )
coastal hills and plains (SR3, 50.2 %), comprising alluvial For operational flood forecasting and hazard assessment,

and coastal plains and hills where the bedrock consists ofersace et al. (1989) analysed the annual maxima of high-
sediments Tertiary to Quaternary in age, and the climate iéln.tensny, short-duration ramfgll events.ln Calqbrla, anq iden-
sub-continental to sub-tropical Mediterranean, and (iv) thelified three homogeneous rainfall regions (Fig. 6c), includ-
Sila, Serre, and Aspromonte ranges (SR4, 37.9 %), comprisnd: (i) @ Tyrrhenian region (T, 25.8 % of the region) along the
ing mountains, hills, and minor internal plains where the Western Tyrrhenian coast, (ii) a Central region (C, 44.3%),
bedrock consists of crystalline and metamorphic rocks, and?®mPrising the mountain ranges along the main divide, and

the climate is mountainous Mediterranean (ARSSA, 2003). (ii)) an lonian region, along the eastern lonian coast (I,
Intersection in the GIS of the landslide layer with the 29-9%). They found that the Tyrrhenian rainfall region is

soil map (Fig. 6b) singled out 199 landslides (79.3 %) for characterized by more frequent and less severe rainfall events

which at least 75 % of the representative circle was attributedhan the lonian rainfall region, whereas the Central rainfall
to a single (prevalent) soil class, including: (i) 130 land- €gion has events with intermediate characteristics. Short and

slides (65.3%) in the SR3 soil region (17.2 landslides perVery in_tense events are more frequent on the lonian side of
1000 kn?), (ii) 57 landslides (28.6 %) in the SR4 region (10 Calabria (Terranova and laquinta, 2011). ,
landslides per 1000 k#y, and (i) 12 landslides (6 %) in the Intersection in the GIS of the landslide layer with the map

SR1 region (10.2 landslides per 1000%n{Table 3). No showing the three rainfall_regions (Fig. 6¢) recognized 212
landslides were identified in the SR2 soil region, limited to !andslides (84.5%) for which at least 75 % of the representa-
the NE part of the study area (Fig. 6b). tive circle was attributed to a prevalent rainfall region, includ-

Figure 7b portrays the 157 rainfald( E) conditions that ing: (i).117 landslides (55.? %) inthe Tyrrhenian regiqn (17.5
produced 199 shallow landslides in the three soil regions. Adandslides per 1000 ke, (").63 landslides (29-7%)"'” the
for the lithological domains, the number of empirical data Central region (16.2 landslides per 1000%mand (iii) 32
points in each soil region was insufficient for a reliable de- 1andslides (15.1%) in the lonian region (7.1 landslides per
termination of specific rainfall thresholds. For the SR1 and 1000 krr?) (Table 3).

SR3 soil regions, Fig. 7b shows minor differences in the dis- Figure 7c shows the 158 rainfalD( £) conditions re-
tribution of the empirical data points. Rainfall conditions in SPonsible for the 212 shallow landslides in the three rain-

the SR1 soil align along a straight line (power law) with a fall geographical subdivisions. Again, the number of empir-
very low dispersion. However, this may be an artefact due toC@! Points in each rainfall region was insufficient to estab-
the very reduced number of data points in this soil region (9)_I|sh .sound thresholds for thg |nd|V|dua.1I. regions. Inspectlon
We conclude that rainfall conditions for landslide occurrence©f Fig. 7c shows that the rainfall conditions responsible for

in the three soil regions for Calabria cannot be discriminated/andslides in the lonian (1) and in the Central (C) regions are
with the available data. more abundant than the rainfall events in the Tyrrhenian re-

gion (T). This is a consequence of the spatial distribution of
rainfall events in the catalogue. Inspection of Table 1 reveals
that about 60 % of the events (151 over 251) is located in
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Table 3.Descriptive statistics for landslides and for the corresponding rainfall events in Calabria in the period January 1996—September 2011.
Rows: RE, number of rainfall events; LE, number of landslide evabtsainfall duration (hours)E, cumulated event rainfall (mmy;,

rainfall mean intensity (mmhl). Columns: CC, carbonate rocks; FD, flysch deposits; MC, metamorphic and crystalline rocks; PO, post-
orogenic sediments; SR1, Pollino range and the neighbouring hills; SR2, northern lonian coastal zone; SR3, coastal hills and plains; SR4,
Sila, Serre and Aspromonte ranges; T, Tyrrhenian rainfall region; C, Central rainfall region; I, lonian rainfall region; TAR, Tyrrhenian alert
region; IAR, lonian alert region; A—O, April-October seasonal period; N-M, November—March seasonal period.

—1
Extent RE LE D (h) E (mm) I (mmh™)

(km2) Min  Max Mean Min Max Mean Min Max Mean

Calabria 15080 186 251 1 1128 98.9 128 5420 1359 0.30 66.40 4.30

Lithological domains

CcC 2054 11 13 7 451 754 420 2736 1362 0.61 958 432
FD 4514 23 24 2 310 101.0 13.0 5420 187.0 075 741 2.90
MC 4618 39 49 1 357 751 128 4776 1352 0.63 29.04 4.68
PO 3894 46 56 1 451 68.2 16.8 3124 984 0.34 66.40 7.05
Total 15080 119 142

Soil regions

SR1 1175 9 12 2 176  55.7 242 2063 827 111 1210 4.45
SR2 618 0 0

SR3 7575 102 130 1 451 823 13.0 542.0 1319 0.34 2320 4.30
SR4 5712 46 57 1 357 815 128 4776 1574 0.63 2044 4.03
Total 15080 157 199

Rainfall regions

T 6681 81 117 1 451 90.3 12.8 309.4 985 0.30 451.0 90.3
C 3886 49 63 290 544 136 4776 1485 0.51 29.04 6.10
I 4513 28 32 2 282 78.4 13.0 5420 1964 050 1853 4.77

[EEY

Total 15080 158 212

Dry/wet seasonal periods

A-O 60 80 1 290 38.1 13.0 5420 106.3 0.50 66.40 7.30
N-M 126 171 3 451 98.4 12.8 433.0 141.2 0.34 29.04 3.06
Total 186 251

Alert regions

TAR 6122 117 157 1 451 829 128 3574 109.0 0.30 66.40 4.10
IAR 8958 69 88 1 357 725 13.0 5420 163.8 0.50 20.40 5.06
Total 15080 186 245

the northern part of the region (in Cosenza Province), wherénave segmented the catalogue into two seasonal periods: (i) a
the lonian area is smaller than the Tyrrhenian and the Centralvet period from November to March (N-M), and (ii) a dry
areas. Figure 7c shows that, on average, the rainfalE( period from April to October (A-O). Of the 186 rainfall
conditions that triggered landslides in the Tyrrhenian region(D, E) conditions in the catalogue, 67.7 % are in the wet
are less severe than the conditions that cause landslides in tf{§l—M) period, and 32.3 % in the dry (A—O) period (Fig. 8,

lonian and Central regions. Table 3). Rainfall events in the N-M period have durations
_ ranging from a few hours to several days<{3® <451h,
5.2.4 Dry and wet seasonal periods D = 98h), and low rainfall mean intensities £ 3mm 1.

) ] . ) o Conversely, events in the A—O period exhibit shorter dura-
In Calabria, the climate is Mediterranean with distinct dry tions (1< D < 290 h,D = 38 h) and higher mean intensities
and wet seasonal periods. To investigate the dependence of — 7.3_mmFr1). In detail, 65 % of the events that occurred
the rainfall events on the seasonal rainfall conditions, we
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Nonetheless, differences exist in the distribution and the gen-
eral trend of the D, E) empirical data points, for the consid-
ered seasonal periods. In Calabria, most of the rainfall events
that resulted in landslides and are listed in the catalogue
occurred in winter (53.8%) and in autumn (20.0 %), with

40°00'N

: o sr1 23.5% of the events in January and 19.1 % in December. The
= FD g [ srR2 — Y . . . .
[ me ( . (= ¢ 2oo [ remaining events occurred in spring (15.1 %) and in summer
5 Do N I E R e " < : (11.1%), with 10.4% of the events in September (10.4 %).

The result is in agreement with the outcomes of an historical
analysis of 2982 historical rainfall-induced landslides in Cal-
abria between 1921 and 2006 that revealed that 67 % of the
landslides occurred in the 4-month period between Novem-
ber and February (Polemio and Petrucci, 2010). The distri-
bution of the event duration in the two periods is different.
The majority of rainfall events with landslides in the A-O
period are characterised by duratiabs< 10 h, while in the
N-M period in most of the triggering conditiof3 > 10 h.
This result is in agreement with the results obtained by Pe-
ruccacci et al. (2012) for the Abruzzo, Marche and Umbria
regions of central Italy.

300N

40°00°N

5.3 Sub-regional thresholds for shallow
landslide forecasting

39°0'0°N

For hydro-meteorological monitoring and operational flood
forecasting, the Italian national Department for Civil Protec-
tion has divided the national territory into 134 alert zones,
: : £ based on administrative boundaries and regional hydro-
T — e meteorological conditions. The subdivision partitions Cal-
Fig. 6. Geographical distribution of shallow rainfall-induced land- abria into six alert Zones, three aloqg the Tyrrhenian coast
slides (white dots) in Calabria, in the 16-year period from Jan-2nd three along the lonian coast (Fig. 6d). The number of
uary 1996 to September 2011, superimposed on maps of differerfi@infall events with landslides in each division was insuf-
environmental factors. Histograms show the number and the proﬁCient to establish reliable rainfall thresholds for the in-
portion of shallow landslides for each factor cla@s). Lithological dividual alert zones. Thus, considering the general hydro-
domains: CC, carbonate rocks; FD, flysch deposits; MC, metamormeteorological characteristics in the alert zones (Terranova,
phic and crystalline rocks; PO, post-orogenic sedime(@g.Soil 2003, 2004; Terranova et al., 2013), we grouped the six alert
regions: SR1, Pollino range and neighbouring hills; SR2, northernzgnes into two broad alert regions (Fig. 6d), including: (i) a
lonian coastal zone; SR3, cogstal hiII; and plains; SR4, Silg, Se”ﬁ'yrrhenian alert region (59.4 % of the total area), comprising
and Aspromonte rangefC) Rainfall regions: T, Tyrthenian region; e three alert zones along the Tyrrhenian coast, and (i) an
C, Ce:ntral region; |, lonian reg!or(P) Civil Protection al.ert " lonian alert region (40.6 % of the total area), comprising the
gions: TAR, Tyrrhenian alert region; IAR, lonian alert region. . L
three alert zones along the lonian coast. Intersection in the
GIS of the landslide layer with the map showing the two alert
regions (Fig. 6d) assigned 245 landslides (97.6 %) to an alert
in the dry (A—O) period are characterised by rainfall dura- region, including: (i) 157 landslides (64.1 %) to the Tyrrhe-
tions not exceeding 24 h, and 75 % of the events in the wenian alert region (25.6 landslides per 1000%mand (i) 88
(N-M) period have durations longer than 24 h. The averagdandslides (35.9 %) to the lonian alert region (9.8 landslides
number of rainfall events per month is 25.2 for the N-M pe- per 1000 krd) (Table 3).
riod, and 8.6 for the A—O period. Rainfall events with land-  Figure 7d shows the 186 rainfalD( E) conditions re-
slides are most frequent in January (43) and are rare in Julgponsible for 245 shallow landslides in the two alert re-
4). gions. The ranges of rainfall duration in the two alert regions
Figure 8 shows the rainfallZf, E) conditions for 126 are similar, 1< D < 357 h for the lonian alert region, and
events in the wet (N-M) period (grey dots), and for 60 1 < D < 451 hfor the Tyrrhenian alert region. The landslide-
events in the dry (A-O) period (blue dots). For both peri- triggering rainfall events in the lonian alert region have,
ods, the number of rainfall events was insufficient to deter-on average, a shorter duration and larger cumulated event
mine reliable thresholds for the two seasonal subdivisionsrainfall than the events in the Tyrrhenian alert region. No

300N
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Fig. 7. Rainfall duration vs. cumulated event rainfal (£) conditions that resulted in shallow landslides in Calabria for different environ-
mental factors(A) Four lithological domaing(B) Four soil regions(C) Three rainfall regions(D) Two Civil Protection alert regions. See
Fig. 6 for location of the environmental factors and for colour legends.

o 1h td 2d 54 10d 20d significant difference exists for the duration of the events in
1 B A0, 60 events the two alert regions (Table 3, Fig. 9a and b). In the lonian
1 EE N-M, 126 events ° . . region, rainfall events responsible for landslides are more fre-
T 1 . 00D o " S quent in September and from December to January, whereas
£ o © o%g@,ﬁooo " &a&' in the Tyrrhenian alert region the events that resulted in land-
W 10?4 °© o-.oe"° o O“?S'..' e slides were more abundant between December and March
= o °o 3°%, 80 (Fig. 9¢).
= 8 2°° &% Figure 10 portrays the 186 rainfalD( E) conditions that
° 8 °g° o o produced 245 shallow landslides in the two alert regions. De-
i% 0] 8 o e 100 spite the limited number of empirical data points, we deter-
2 g §7 mined the rainfall thresholds for the possible occurrence of
3 g2 g s shallow landslides for the Tyrrhenian alert regidh tar and
=0 o 2: Ts1ar) and for th_e Ionia_n alert regior{ jar and 75 aR)
, JFMAMJJASOND T ey 10 (Table 2). Inspection of Flg. 10 _revgals that thgar thresh-_ _
10 " » " R old defined for the lonian region is steeper than the simi-
10 10 10 10 . . .
Duration, D (h) lar 75 7ar threshold established for the Tyrrhenian region.

For rainfall durations exceeding one ddy,> 24 h, the two
Fig. 8. Rainfall duration vs. cumulated event rainfald (E) con- thresholds are statistically different (i.e. their uncertainties do
ditions that resulted in shallow landslides in Calabria between Jannot overlap completely). We conclude that for rainfall events
uary 1996 and September 2011 for the April-October seasonal peexceeding one day, lower amounts of cumulated event rain

riod (A-O, light blue dots) and for the November—March seasonalgre required to trigger landslides in the Tyrrhenian alert re-
period (N-M, dark grey dots). Bar charts show the number of eventsyion than in the lonian alert region.

per month (left), and the percentage of events for different durations
(right), for the two periods.
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30 C
2]
5 than half of the density of events for central Italy. The differ-
< 20 7 ence is conditioned by the availability of information used to
% compile the catalogues, and by the criteria adopted to deter-
5 10 mine the rainfall conditions that resulted in landslides. The
£ difference cannot be used to measure climatic, meteorologi-
z cal, geomorphological or other physiographical differences,
0 - or to infer differences in landslide vulnerability or risk in the
JFMAMUJ JASOND study areas. _
Months The empirical D, E) data collected for Calabria were suf-

ficient to determine region&D rainfall thresholds for pos-
Fig. 9. Frequency ofA) the cumulated event rainfall aii) the du-  sible landslide occurrence in the region, for different ex-
ration of the events, for the Tyrrhenian and the lonian alert regionsceedance probability levels (Fig. 4). However, the evaluation
(C) Monthly distribution of landslides in the two alert regions. of the relative uncertainty associated with the thresholds re-
vealed that the uncertainties were significant. Peruccacci et
_ _ al. (2012), working in central Italy, considered acceptable
6 Discussion values of the relative uncertainty less than 10 % that they
reached for a number of empirical data points 175. Based
Our catalogue lists 186 rainfall events that resulted in 251 this evidence, they concluded that 175 well-distributed
shallow landslides in Calabria in the 16-year period from p gy empirical points were sufficient to estimate reliable
January 1996 to September 2011 (Fig. 2). This is an avyainfall thresholds. In Calabria, the relative uncertainty ob-
erage frequency of 11.8 landslide-triggering rainfall eventsigined using the entire set of 186 events is larger than 10 %,
per year. The figure compares to 52.0 landslide-triggeringat |east for the scaling parameter(Aa/a = 13.8%). This
rainfall events per year found by Peruccacci et al. (2012)syggests that the minimum number of empirical data points
for the Abruzzo, Marche and Umbria regions, central Italy. necessary to determine reliable rainfall thresholds varies re-
Peruccacci and her co-workers used the same strategy anglonally. Variations depend on the shape of the distribution

Similar sources Of |al’ldS|ide and I’ainfa” information used (eg data Scattering around the mean tendency |ine' S|ope of
in this study. Considering that Calabria covers about halfthe |ine).

the area covered by the Abruzzo, Marche and Umbria re-
gions (15080 krA vs. 28 950 krd), the density of events (#
of events per year per square kilometre) for Calabria is less
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For a 1% (5%) threshold, 1% (5%) of the empirical Th id 2d 5 10d 204 50d
(D, E) data points should be below the threshold (Brunetti
et al., 2012). In the regional data set for Calabria, only one 4

empirical point (0.5 %) is below th&; ¢ threshold, and five g
points (2.7 %) are below th&s ¢ threshold. These percent- £ 10
ages are lower than expected (i.e. 1% and 5 %, respectivelyY

The result is directly related to the statistical technique use¢s

to determine the thresholds, and to the lack of symmetry ing

the distribution of the empiricallf, E) points around their
mean tendency line. The asymmetry may be an artefact du
to the (relatively) limited number of empirical data, or it may
reflect a specific characteristic of the Iandslide—triggeringa 10"
rainfall events in Calabria. More empirical data are needec
to resolve this ambiguity.

Most of the landslides triggered by the 186 rainfall events
listed in the catalogue were shallow failures, and they oc-
curred in post-orogenic sediments (PO lithological domain)
and where metamorphic and crystalline rocks (MS lithologi- Fig. 11.Cumulated event rainfall — rainfall duratioBD) thresholds
cal domain) crop out. We attribute the large density of land-for shallow landslides in Calabrids ¢ (line 1), 75 7ar (line 2),
slides in the PO lithological domain (39.4 %, 14.4 failures Ts AR (line 3), 75 cal (line 4). T5 calis the 5% frequentist thresh-
per 1000 krd) to the poor geotechnical properties of the con- old proposed for Calabria by Brunetti et al. (20183,amu (line
tinental and marine sediments in this domain, and subordi®) iS the 5% frequentist threshold proposed for Abruzzo, Marche
rtey o he loca e contons (e stsep sopes). W TS o e P o5, G0 e e
eXplam.the large propogtlon of eve'nts inthe metamorp.hlc an lack line 7 is the global threshold of Kanji et al. (2003). Bar chart
crystalline rocks (34.5%, 10.6 fallu'res ber 19002km”th hows the number of rainfall events that have resulted in landslides
f[he E_;\bundan_ce of weathered materl_als mantling the bedroc different study areas in Italy. Equations for the thresholds are
in this domain. For short duration rainfall event3 € 24h),  |isted in Table 2.

a smaller amount of rainfall is necessary to trigger land-
slides in the metamorphic and the crystalline rocks, com-
pared to the post-orogenic sediments. For longer duration Itis worth comparing thé&D threshold curves defined for
events D > 24h) the trend is reversed, and landslides in Calabria with similarED thresholds. Figure 11 shows the
metamorphic and crystalline rocks require more rain than innew regional threshold7t c) and the sub-regional thresh-
the post-orogenic sediments to occur. We attribute the largelds for the TyrrhenianZs tar) and the lonianTs ar) alert
abundance of landslides in the coastal hills and plains soifegions, for the 5% exceedance probability level, together
region (SR3, 50.2%) to the peculiar setting of the region,with the ED threshold curves established by Brunetti et
where soft sediments, Tertiary to Quaternary in age, cropal. (2013) for CalabriaZca), and by Peruccacci et al. (2012)
out. Landslides were more abundant in the Tyrrhenian rainfor the Abruzzo, Marche and Umbrid amu) regions, cen-
fall region than in the Central and the lonian regions, andtral Italy. Also shown are the glob&D thresholds proposed
the amount of rainfall needed to trigger the failures in the lo- by Innes (1983) and by Kanji et al. (2003). The né&wic
nian region was higher than in the Central and in the Tyrrhe-threshold and the pre-existinf: threshold are based on
nian regions. Most of the landslides listed in the cataloguedifferent sets of D, E) empirical data: (i) 113 events with
occurred in the wet period between November and March (irrainfall duration 1< D < 1080 h forTca, and (ii) 186 events
particular, in January and December) and were triggered byvith rainfall duration 1< D <451h for 75 c. Despite the
short duration rainfall events with > 10 h. Further analysis significant increase in the number of empirical data (73, a
revealed that, in Calabria, shallow landslides are more fre65 % increase), the two thresholds are virtually identical. As
quent in clay, silt, sand, and gravel deposits (PO lithologicaldiscussed before, the sub-regional thresholds for the Tyrrhe-
domain). In this domain, the failures occur primarily in the nian (75 7ar) and the lonian 15 |ar) alert zones are differ-
SR3 soil region (coastal hills and plains) of the Tyrrhenianent from the regional thresholdyc), and particularly the
rainfall region, between November and March. Conversely,T5 ar threshold. However, the data set used to prepare this
shallow landslides are less frequent where marl, shale, evaghreshold is small (69 data points), and the difference may
orites, and very low- to low-grade metamorphic rocks cropbe an artefact caused by the scarcity of the data. The new re-
out (FD lithological domain). In this domain, the failures are gional threshold for Calabrigl§ c) is higher than the thresh-
more rare in the lonian rainfall region, and in the seasonalold obtained for the Abruzzo, Marche and Umbria regions,
period between March and May. central Italy by Peruccacci et al. (2012). Based on this result,
for the same rainfall duration the cumulated amount of event

mulated r

C

TAR IAR

Cal AMU

10° 10" 10? 10°
Duration, D (h)
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rainfall necessary to trigger landslides is larger in CalabriaProtection in Calabria (ARPACAL) for access to rainfall data.
than in central Italy. The difference increases with increas-We acknowledge two anonymous referees for their constructive
ing rainfall durations (Fig. 11). Finally, for all the consid- comments.

ered rainfall durations, thED threshold for Calabrial c)

is higher than the threshold proposed by Innes (1983), an
significantly lower than the threshold proposed by Kaniji et
al. (2003).

&dited by: P. Tarolli
Reviewed by: two anonymous referees
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