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Abstract. This paper presents a methodological approachdatabases (EM-DAT, 2010; Munich Re, 2010). However,
to both identifying and characterising Widespread Land-these figures can be underestimated, and they usually dif-
slide Events (WLE), defined as the occurrence of severafer from each other because of the scale upon which these
landslides through wide areas (thousands of square kilomedata are collected and the severity threshold required for a
tres). This approach is based on a comparative analysis dandslide to be entered into a database (Kirschbaum et al.,
two historical databases: a rainfall database and a landslid2009). The international literature widely recognises that
database, both concerning the same period. rainfall is the most common trigger of landslides (Crozier,
This methodology was tested on Calabria (Southern Italy)1986; Corominas, 2000), even though the relationship be-
by analysing a period of more than 80yr. The data allowedtween rain and slope instability is not direct. Differences in
the individuation of 25 WLEs generated by the following: geologic, geomorphologic, climatic and geotechnical factors
(a) a single rainfall event (RE), (b) a few distinct but tem- make it difficult to identify a universal amount of rain that is
porarily close REs, or (c) several consecutive REs occur-able to trigger landslides everywhere. The rainfall “thresh-
ring over a period of up to two months. An empirical curve, old” for triggering landslides can vary from one area to an-
obtained by interpolating the number of landslides occurredother, and it can change as a function of the mean annual
during the WLEs and the average values of cumulative rainrecipitation, whereas the magnitude of the event depends
fall that triggered them enables the individuation of the rela-on rainfall intensity (Campbell, 1975; Caine, 1980; Crozier,
tionship between rainfall and number of landslides. 1986; Keefer et al., 1987; Wieczoreck, 1987; Clarizia et
The proposed methodological approach can be used whegl., 1996; Sandersen et al., 1996; Au, 1998; Polemio and
ever historical series of both rainfall and landslides are avail-Petrucci, 2010). Nevertheless, for different landslide cate-
able. The results can be useful for monitoring the develop-gories (shallow, medium deep, deep) and in geologically ho-
ment of events and for the planning of emergency managemogeneous contexts, triggering scenarios can, in fact, be de-
ment. fined (Gulk et al., 2008; Terranova et al., 2007). Difficul-
ties increase when the problem is extended both in space and
time by analysing a sequence of landslides triggered through
prolonged periods on a wide region instead of a restricted
study area (or a single landslide) in a limited period (or dur-

Each year, landslides triggered by rainfall are responsible fof9 @ single activation phase). In fact_, h'Sto,r,'(_:al landslide
considerably greater economic losses and casualties than R€1€S show that sequences of slope instabilities can affect
generally recognised, and these losses are expected to iW'de areas during aImos’F the entire rainy season (Petrucci
crease worldwide due to the pressure of population expan@nd Pasqua, 2008). The literature tends to divide these com-
sion towards unstable hillside areas (Schuster and Highland?!€X Problems into single (and relatively less difficult) prob-
2007; Barredo, 2009). A rough estimate of the effects relatedems essentially by restricting either the observation period

to major landslide events that occur on a global scale can b8" the size of the study area.
found in the figures reported by the available international

1 Introduction
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Nevertheless, an analysis of the phenomena as they actlandslides and rainfall events, rain gauges must be distributed
ally occur — through a sequence lasting from a few to severathroughout the study area, and the rainfall series must not
days and scattered over a wide region — can supply indicapresent inhomogeneities due to factors such as rain gauge
tions for the management of emergency which occurs duringelocations, changes in observation procedures, methods of
the severest cases. In fact, during rainy seasons, the numbealculating mean values, or the sources of data (Karl and
of triggered landslides increases with time, and these pheWilliams, 1987; Peterson and Easterling, 1994; Jones, 1995;
nomena often affect road networks, create traffic blockagesyoung, 1993; Jones et al., 1987).
and delay the work of the agencies involved in managing Inhomogeneity is one of the most problematic factors af-
emergency and civil protection actions. For these reasonggcting the quality of a long dataset such as daily rainfall se-
if, during rainy periods, these agencies can access informares. Among the methods currently used to solve homogene-
tion on the regional sectors that are going to be involvedity problems (R2 in Fig. 1), none is unique and objective, and
in widespread landslides events similar to those already octhe choice of the most suitable procedure is strictly related to
curred in the past, they could organise specific managemerdoth the dataset characteristics (e.g. metadata availability and
plans that take into account the expected characteristics afain gauges density) and the examined area (Peterson et al.,
the event. 1998; Aguilar et al., 2003). Some methods have been pro-

In this study, we propose a methodology to both individ- posed in the scientific literature to deal with the homogeni-
uate and characterise Widespread Landslide Events (WLEs)ation of daily series (Brunetti et al., 2004; Della-Marta and
defined as the occurrence of several landslides triggered bWanner, 2006; Mestre et al., 2011). For example, the pro-
rainfall through wide areas (thousands of square kilometresgedure discussed in Brunetti et al. (2012), which is based on
and throughout periods ranging from a few days to a fewthe Craddock test (Craddock, 1979), may be suggested. Af-
months. According to previous authors, the extent of theter the homogenisation procedure (R3 in Fig. 1), for each
involved area is an indicator of the magnitude of landsliderain gauge, the series of the historical rainfall events can be
events. For example, Smolka (2006) defines “extreme natuebtained, thus defining a Rainfall Event (RE) as a group of
ral events” as events that have serious regional or even globahiny days preceded and followed by at least one day with
consequences. After the description of the proposed methodio rain. Thus, aainfall events databasis created from the
ological approach, an application to an Italian region is dis-rainfall database (R4 in Fig. 1). For each RE, the following
cussed, highlighting both the limitations and possible appli-data can then be collected: the duration (days), the cumulated
cations of the results. rainfall (mm), the maximum daily rainfall (mm), and the av-

erage intensity, expressed as the ratio between the cumulated
rainfall and the duration of the event (mm day.
2 Methodology
2.2 The landslide database
The proposed approach is based on a comparative analysis
of two series of historical data concerning rainfall and land- Historical data on the damage caused by landslides triggered
slides triggered by rainfall. This comparison aims to individ- by rainfall, which we define in the following LRs (Landslide
uate rainfall events that may trigger WLEs. In the following Records), can be mined by different types of documents and
sub-sections, the characteristics of the data used and the maiexts. Historical data are affected by several types of com-

steps of their elaboration are described (Fig. 1). plications (Glade, 2001; Glaser and Stangl, 2004; Llasat et
al., 2006; Devoli et al., 2007; Petrucci and Pasqua, 2008;
2.1 The rainfall database Petrucci and Gudl, 2010). Nevertheless, especially in coun-

tries where there is no unique public authority collecting
Rainfall data registered by the instruments of a measuremerdata, a specific historical research may be the only way to
network have to be collected (R1 in Fig. 1). Each rain gaugeobtain the series of landslides which affected a study area.
in the network must be identified by a code and characterisedf more than one information source is available, crosscheck
using information about its location, type of registration in- data validation, data gap filling and the checking of data reli-
strument, and acquisition period. These data are usually colability can be performed. The level of detail of landslide de-
lected by national or regional administrations. Dependingscription depends on the type of historical document and the
on the instrument type these data can be sub-hourly, hourlgkill of the documents’ author. Some of the available data,
or daily. For the aim of this study, daily rainfall data were such as newspapers, focus more on the effects (damage) and
needed; for each rain gauge, the dataset comprised the ligss on their cause (the landslide). In addition, the availabil-
of daily measured rainfall starting from the first year of the ity of data changes over time and is related to event sever-
registration period. ity. Information concerning older events is generally less
Before conducting any rainfall analysis, it is important to plentiful than information pertaining to newer events, and
analyse both the spatial distribution of the rain gauges and theften the greatest amount of data exists for the most severe
data quality. In fact, to investigate the relationship betweenevents, whereas less severe cases are rarely mentioned. It is
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Fig. 1. Flow-chart showing the proposed methodology.
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Fig. 2. The map of the study area indicatin@) the rain gauges used in the application and the distribution of the average yearly rainfall;
(b) the municipalities of Calabria coloured according to the number of landslide reports registered.

important to stress that the great majority of landslides in-time according to their format. For example, photocopies,
cluded in the database caused some type of damage, so lanskanned files or digital photos of documents require typing,
slides occurred in unpopulated areas (which did not inducewhile digital archives allow a rapid copy and paste proce-
damage) may not be recorded. dure. And third, paper documents should be converted into
digital text files, and each piece of information concerning
Usually, the data quote the place names where the landa landslide is stored as a database record, identified by the
slides occurred, but unless the document is a scientific articledate of landslide occurrence and the municipality in which it
the author does not supply maps of the hit areas, which meansccurred (L3 in Fig. 1). Then the records should be chrono-
the area actually affected cannot be delimited. Even the typdogically sorted in a landslide database.
of landslide and its depth can only be obtained from scien-
tific articles. Generally, however, these articles represent 2.3 Widespread Landslide Events identification
low percentage of the available historical sources (less than
10 %), and they often concern the most recent cases. Stillin the landslide database, a Landslide Event (LE) is the oc-
indirect information on landslide depth can be inferred from currence of one or more LRs during one or more consecutive
some types of sources (e.g. reports written by technicians oflays preceded and followed by at least one day without an
public works agencies), but this is not a rule, so this param-LR. For each LE, the following data must be collected (L4
eter cannot be extensively taken into account. Consideringn Fig. 1): the starting date, the duration (number of days),
these limitations, a historical research project can be plannethe number of LRs, the number of municipalities hit, and the
(L1 in Fig. 1). First, an inventory of data sources avail- ratio between the sum of the areas of the municipalities hit
able through the study period (e.g. artefacts, chronicles, diand the whole regional area, called by Petrucci et al. (2008)
aries, local administration archives, private and ecclesiastithe Index of the Damaged Area (IDA).
cal archives, archives of local and regional agencies, press Fixing an arbitrary value for either the number of the mu-
archives, scientific papers and technical databases) has to Inécipalities hit or the IDA, the sub-set of LEs can be selected
drawn. As it is impossible to investigate all archives, pri- (L5 in Fig. 1). For each of the above-selected LEs, the anal-
ority analyses are necessary. Second, a systematic survepgis of rainfall allows us to define the whole period in which
of the selected sources must be planned and performed tone or more REs presumably have caused one or more LEs
mine the documents describing landslides (L2 in Fig. 1).(R5 in Fig. 1). Now, by reanalysing the LE data through the
The acquisition of documents requires a certain amount ofwvhole period covered by the RE, further LEs can be detected
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Fig. 3. Number of municipalities hit (x-axis) and ratio between the corresponding Landslides Events (LEs) and the total LEs registered in
the whole Calabria (y-axis). The red line corresponds to 20 municipalities.

(even if affecting a smaller number of municipalities). The 3 Application to the Calabrian territory
whole of the LEs that occurred through the period covered by
the RE (W1 in Fig. 1) can be defined as Widespread Land-An application of the proposed methodology was conducted
slide Event (WLE). Then a WLE is composed by one or morefor Calabria, a region of Southern Italy that has an area of
LEs, at least one of which involved a number of municipal- 15080 kn? and a perimeter of approximately 738km. Cal-
ities (or a percentage of regional area) greater than a fixe@dbria is characterised by elevations up to 2000 ma.s.l. and
value. The size of the involved area (greater than some thouhigh climatic contrasts. The climate of the region is clas-
sands of square kilometres) can be used as a sort of proxsified as Mediterranean: during the summer, precipitation
indicator of the event's impact because an increase of hiis less frequent (except for some occasional thunderstorms),
area generally produces higher costs for damage restorationhile during the winter, rainfall is frequent throughout the
and an increasing need for coordination efforts in emergencyegion, and snow occurs at the highest elevations (Caloiero
management procedures. et al., 2011). The lonian side of the region is particularly
If the total number of landslide reports available for eachinfluenced by the warm currents coming from Africa, which
WLE is put in relation to the Average Cumulated Rain- cause high temperatures with short and heavy precipitation.
fall (ACR) (that is the ratio between the sum of all the cu- In contrast, the Tyrrhenian side receives western air currents
mulated rainfall of the REs, registered at the rain gauges ofind has milder temperatures and frequent orographic precip-
the areas where landslides occurred, and the number of raittation. In the inland zones, colder winters — with snow —and
gauges), one or more curves can be drawn. These curves canoler summers are typical (Versace et al., 1989; Caloiero et
be used in a predictive way because they roughly correlate al., 1990).
certain average of cumulative rainfall to a certain number of From a geological point of view, Calabria is made up
landslide reports. of allochthonous crystalline rocks (from the Palaeozoic to
Then, if both rainfall and landslide reports are monitored, the Jurassic), stacked during the middle Miocene (Tortorici,
it can be understood if and where a WLE is going to take1982) over carbonate units (Ogniben, 1973). Neogene fly-
place. In fact, by constantly upgrading cumulative rainfall, sch fills tectonic depressions. Starting from the Quaternary,
it is possible to detect in advance if the average cumulativethe region has been subjected to still-active uplift. Tectonic
rainfall is reaching a value that can generate a WLE. Thestresses and climatic conditions deteriorate the characteris-
monitoring of these data may supply information that cantics of rocks, predisposing slopes to instability (Borrelli et
improve both the coordination of emergency phases and thal., 2007). Landslides are common in Calabria, especially
support of the post-event management. during rainy season. Either prolonged rainy periods, charac-
terised by low daily intensities, or short and intense storms
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Table 1. The main characteristics of the REs and the LEs, identifying the 25 WLEs.

WLE RE LE No. of Max Max Max event Municipalities
Rain Intensity Cumulative Duration hit area
Gauges (mmday') Rainfall (mm) (days) (krR)

1 13-24 Nov 1935 21-24 Nov 1935 20 509.1 758.8 12 923.8

2 9-27Jan 1940 10-29 Jan 1940 28 201.9 560.7 17 2168.2

3 24 Nov-8 Dec 1944 27 Nov—4 Dec 1944 26 172.5 286.5 13 2392.8

4 5-290ct1951 5-29 Oct 1951 44 534.6 1760.3 22 1973.0

5 18 Oct-11 Nov 1953 18 Oct—15 Nov 1953 50 292.6 1004.7 22 2387.4

6 31Jan-29 Feb 1954 31 Jan—26 Feb 1954 52 134.1 599.8 24 2333.5

7 30Jan-2 Mar 1956 2 Feb-2 Mar 1956 23 77.2 475.2 30 1685.0

8 6 0ct-27 Nov 1957 6 Oct—29 Nov 1957 46 200.2 1167.2 39 4593.3

9 20-27 Nov 1959 21-26 Nov 1959 32 246.7 435.8 8 1847.8
10 28 Sep-6Oct 1971 1-4 Oct 1971 25 274.1 575.4 9 1331.0
11 12 Dec 1972-4 Feb 1973 14 Dec 1972-4 Feb 1973 62 433.4 1697.4 44 5180.9
12 26 Oct-23 Dec 1976 26 Oct-27 Dec 1976 51 309.0 1822.6 59 3282.8
13 3 Jan-27 Feb 1981 3 Jan-23 Feb 1981 15 173.4 663.5 35 1847.3
14 20 Dec 1984-21Jan 1985 2-21 Jan 1985 37 197.4 960.7 33 2510.9
15 15-18 Nov 1987 15-16 Nov 1987 21 290.4 291.0 4 1161.1
16 24 Feb-14 Mar 1988 2 Mar—15 Mar 1988 36 308.1 488.7 13 2001.6
17 5-29 Dec 1990 15-28 Dec 1990 23 231.2 477.0 24 1934.0
18 22 Jan-9 Feb 1996 23 Jan-8 Feb 1996 30 252.0 727.8 18 2401.9
19 3-150Oct 1996 3-14 Oct 1996 40 236.2 477.8 13 2694.4
20 10-26 Jan 2000 14-20 Jan 2000 25 220.4 473.6 16 1216.4
21 7-11 Sep 2000 7-13 Sep 2000 32 301.6 562.2 5 2779.5
22 21 Nov 2002-1 Feb 2003 22 Nov 2002—-8 Feb 2003 75 140.2 955.4 69 4455.6
23 3-16 Nov 2004 3-16 Nov 2004 40 206.4 420.4 14 1610.5
24 20 Nov 2008-9 Feb 2009 20 Nov 2008- 25 Feb 2009 105 256.4 1616.8 86 7657.5
25 19 Sep-4 Oct 2009 24 Sep-3 Oct 2009 41 336.8 831.6 14 2505.7

can trigger landslides, often resulting in damage and casualdaily rainfall series recorded in the period 1921-2009 was
ties (Petrucci et al., 2010). created. Figure 2a shows the spatial distribution of the av-

The rainfall data used in this study were extracted fromrage yearly precipitation and the locations of the 105 rain
the hydrological database of the former Servizio Idrologico 9auges. More than 200000 REs were extracted from the
ltaliano, now Centro Funzionale Multirischi della Calabria "0mogeneous daily rainfall series registered in these rain
(http:/Aww.cfcalabria.)t A preliminarily analysis of the —9auges. These REs had a maximum duration of 50 days,
data, through the available metadata, was performed to re2n average of Z-f' days, a maximum intensity Of_ approxi-
move inhomogeneities. The procedure proposed by Brunetfa€ly 535mmd=, and a maximum cumulative rainfall of
et al. (2012) was applied. Each rainfall series was tested823mm. _ o _
against other series by means of a multiple application of A Wide historical archive containing data on damaging
the Craddock test (Craddock, 1979) in sub-groups of 10 se!floods anq landslides Fhat occurred through the past centuries
ries. Once one break in the signal was identified, the sein Calabria has been implemented since 2000 by means of a
ries used to estimate the adjustments were chosen amorfyStématic analysis of historical sources. From this database,
the neighbouring series, which resulted homogeneous in _451 records_of landslides occurring in the 409 municipali-
sufficiently long sub-period centred on the break year, anot'es_ of Calabria from 1921_—2009 were selected and chrono-
they were well correlated with the candidate one. The fi-logically sorted. The maximum number of records per mu-
nal set of daily adjustments was then calculated by averagPicipality is 85, while the average number of records per mu-
ing all the yearly cycles, excluding from the computation nlplpallty is 8.4. Figure 2b shows the dlstrlbutlon of I'a'nd-
those rain gauges whose set of adjustments showed an inc8lides per municipality. A total of 1085 LEs were identified,
herent behaviour compared with the others. Fifteen rainfall%ith @ maximum duration of 15 days and an average duration
series starting from 2001 can be assumed as homogeneo@$1-4 days. On average, there were 2.7 LEs per municipality,
because the rain gauge network in Calabria did not have sig2nd the maximum number of LEs per municipality was 81,
nificant changes since 2001. Ninety series, which began op2nly 9 municipalities had no LEs. The maximum number of
erating even before 2001, were classified as homogeneousRS Per LE was equal to 133, while the average number was
or as being homogenised using the procedure described iR-2-
the previous paragraph. Finally, a set of 105 homogeneous
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The data show that approximately 66 % of the LEs in- 20 T T °
volved only one municipality, and approximately 13 % in- 220 - a) }j '
volved two municipalities. Similar indications are also ob- >

tained when referring to the surface of the municipalities in- ™
volved in the identified LEs. Figure 3 represents, inalog-log -
scale, the number of municipalities hit, on the x-axis, and =,
the ratio (on the y-axis) between the corresponding Land- £,
slides Events (LEs) and the total LEs registered in the study ™
area (the whole Calabria). The curve of experimental points

shows a slope change when approaching the 20 municipa | % 50
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ities. Thus, for Calabria, it was considered reasonable t¢  *° by
assume a value of 20 municipalities to select LEs that car P . op; ) *5' *
produce WLESs. The WLEs have been defined on the basisc " N\@\e N\e\@ »\e\@ Q\o\”q Q\o\”q e\o\”q e\&@ Q\o\e 0\0\@ Q\s'\@ &
the distribution of REs in a time window identified as spec- A A AR A MR AR R AR
ified in the methodology paragraph and shown in Fig. 4, in 2 - T 0
which three different examples of WLEs are presented: (a) ¢ 2 b) 5
WLE generated by a single RE (Fig. 4a); (b) a WLE gener- *®°
ated by few distinct but temporarily close REs (Fig. 4b); (c) a
WLE generated by several consecutive REs occurring over i
long period (Fig. 4c). 3 130 %
The data enabled the individuation of 25 WLEs: 8 were £ i 35
generated by a single RE, 10 by several distinct but temporar s
ily close REs, and 7 by various REs occurring over a long s
period (1-2 months). Table 1 shows the list and the main  *
characteristics of both the 25 WLEs and the relative REs il
that caused them. The 25 WLESs occurred between Septen  ° & 2 B
ber and March, and they affected a number of municipali- \’\o\” &»\” &»\”
ties between 22 and 177, whereas the number of LRs wa —
between 23 and 314. The number of rain gauges represer
tative of the areas hit by the landslides ranged between 1! o
and 105 (average of approximately 39). The REs that cause 20
the 25 WLEs had variable durations: from a few days to
long periods covered by several consecutive REs (86 day '
for WLE no. 24 in Table 1). The REs had cumulative rainfall £
ranging between 286 and 1822 mm and intensities (equal ti £
the ratio between the cumulative rainfall and the rainy days ©
of each RE) ranging between 77 and 534.6 mndayBy 60
reporting on semi-log scale, the number of LRs during the
identified WLEs versus the ACR of the REs recorded in the
rain gauges of the area affected by LRs, an empirical curve  °
(Guide Curve — GC) interpolating the experimental points \Q\%@
can be drawn (Fig. 5) and a formulation has also been detet © ~
mined.
Each point of this curve characterises, through the numbef'9d: 4- Three different cases of WLEa) a WLE generated by a
. . . single RE;(b) a WLE generated by a few distinct but temporarily
of LRs, the WLE that could occur in Calabria for a defined ; ;
. close REs; andc) a WLE generated by several consecutive REs
valus of g():R 1t'hwot\<3vnveIoplngt cur;es (I?\t/\;]er g%und ang UP- occurred throughout a long period.
per bound) on the two opposite sides of the were drawn
to individuate a buffer area enclosing all the experimental
points. Moreover, the two enveloping curves provide, for a ]
given value of ACR, the minimum and maximum LR val- 4 Conclusions
ues that could occur during the WLE generated by the given
ACR. A methodological approach to both identify and characterise
The abrupt variation of the gradient shown by the GC in Widespread Landslide Events, defined as the occurrence of
proximity of an ACR value of approximately 700 mm indi- several landslides through wide areas (thousands of square
cates the passage to WLESs characterised by high LR valuekilometres), is proposed. The approach is based on the
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350 —T— The procedure is not automatic, but once calibrated over a
N° of LRS =lE-oeACR;»fgggﬁCRz+0-1559ACR+35 1 wide study area, it can provide useful results that can be.ap—
.9 plied for the purpose of emergency management planning.
. / G The number of LRs, through the defined GC, could provide

300

r : a preliminary assessment of the impact of the corresponding
250 - / : WLE. The methodology can be oriented towards WLE im-

pact assessment using a more detailed scale and evaluating
damage data.
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