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Abstract. This paper proposes a Multidisciplinary Decision exposed property, vulnerability, damage and total potential
Support System (MDSS) as an approach to manage rainfallloss (including casualties).
induced shallow landslides of the flow type (flowslides) in  Focusing on the first two points, we should not underesti-
pyroclastic deposits. We stress the need to combine informate the efforts made in this multidisciplinary field with re-
mation from the fields of meteorology, geology, hydrology, gard to landslide inventories based on geomorphologic con-
geotechnics and economics to support the agencies engagedpts, historical data, aerial photographs and satellite obser-
in land monitoring and management. The MDSS consistsvations (Varnes, 1984; Wieczorek, 1984; McCalpin, 1984;
of a “simulation chain” to link rainfall to effects in terms of Carrara et al., 1991, 1995; Fell et al., 1996; Carrara and
infiltration, slope stability and vulnerability. This “simula- Guzzetti 1995; Cardinali et al., 2002; Hungr et al., 1999).
tion chain” was developed at the Euro-Mediterranean CentrélThese studies have spawned many approaches and mod-
for Climate Change (CMCC) (meteorological aspects), at theels for rainfall-induced landslide risk assessment: mixing
Geotechnical Laboratory of the Second University of Naplesobjective and subjective data, they have led to qualitative,
(hydrological and geotechnical aspects) and at the Departsemi-quantitative or quantitative evaluations (De Graff and
ment of Economics of the University of Naples “Federico Canuti, 1988; Hollingworth and Kovacs, 1981; Montgomery
II” (economic aspects). The results obtained from the ap-et al., 1991; Montgomery and Dietrich, 1994; Carrara and
plication of this simulation chain in the Cervinara area dur- Guzzetti, 1995; Iverson, 2000; Baum et al., 2002; Corominas
ing eleven years of research allowed in-depth analysis of theet al., 2003; Crosta and Frattini, 2003; Savage et al., 2004;
mechanisms underlying a flowslide in pyroclastic soil. Revellino et al., 2004; Lida, 2004; Cascini et al., 2005; Pi-
carelli et al., 2005, Evans et al., 2005; Rosso et al., 2006;
D’Odorico et al., 2001; Picarelli et al., 2008a; Cascini et al.,
2010). (A comprehensive review of these models is given in
1 Foreword the deliverables of the Safeland Project, 2011).

Any approach presents advantages and/or constraints. A
Landslides represent one of the world’'s major natural hazirst type of constraint is imposed by the reference scale. The
ards. In recent decades, researchers from distinct disCireference scale for the analysis (1/25000; 1/5000; 1/2000;
plines (geology, hydrology, hydrogeology, geotechnics, eco-1/1000; 1/500) and the corresponding study area (from a
nomics and sociology) have channelled much of their ef-fraction of onekm (slope scale) up to hundreds of km
fort towards landslide risk assessment (Carrara and Merendgpasin and regional scale)) are extremely variable, and play
1974; IUGS, 1997; Guzzetti, 2000; Vaunat and Leroueil, a3 major role. A second constraint is imposed by the type
2002; Alexander, 2005; Guzzetti et al., 2005; Picarelli et al., of soil deposits and the kind of geomaterial involved in the
2005; Gamper et al., 2006; Fell et al., 2008, among others)failure and evolution mechanisms (for example, the cases of
The goal of this research activity is landslide risk analysis.saturated soil are treated differently from the cases regarding

The analyses can be considered quantitative only if they conynsaturated soil; granular deposits are analysed differently
template an exact definition of the failure mechanisms, thefrom the case regarding fine-grained deposits).

probability of occurrence, the run-out of the potential body,
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990 E. Damiano et al.: A “simulation chain” to define a Multidisciplinary Decision Support System

For the large-medium scale, statistical approaches (Car-
rara and Guzzetti, 1995) or classification based on lithology, ;7
landform or geological structure (Hollingworth and Kovacs, i '
1981; Montgomery et al., 1991; De Graff and Canuti, 1988; : - e oo o
Corominas et al., 2003) have mainly been used. At a smaller; _

Downscaling

scale (basin scale) and with information on soil deposits in- - Modle for
creasingly available, physically based approaches have bee R -
adopted as a combination of hydrological and geotechnical parameters ‘ Rainfal (forecas)
Soil thickness and
h

models (Lida, 2004; Rosso et al., 2006; D’'Odorico et al., i
2001; Crosta and Frattini, 2003; Montgomery and Dietrich,
1994; Baum et al., 2002; Savage et al., 2004). AN
Slope response to rainfall at regional and basin scale is}
generally performed on grid-based GIS technology, combin- 3,
ing simplified hydrological models with stability analyses
in the hypothesis of an infinite slope adopting the Mohr-
Coulomb failure criterion or the extension for unsaturated _ . .
soil. Many of the hydrologic approaches in question analys{e'gq' %Mglé);v) chart of the Multidisciplinary Decision Support Sys-
1-D or pseudo-3-D infiltration. Some models consider only '

vertical steady-state conditions with an impervious base in
equilibrium with the steady-state water flow parallel to the yopqsits with water content near to saturation, up to several

slope. Others examine transient regimes solving the flowyqnihs, in the case of low saturation degree. Therefore, in

equation for saturated soil in the case of an impermeablgne case of unsaturated pyroclastic deposits, accurate anal-
basal boundary at a finite depth or of a pervious base speC|fyySes may be made only by using hydrological models that

ing outflow rates. Other more complex hydrological modelSyemoye simplified assumptions in constitutive relationships

assume a simplifieq 1-D or 3-D transient rggimg, implement-(mechamca| constitutive relationships and hydraulic charac-
ing the flow equation for unsaturated soil, using the well- tgistic curves), and allow the application of realistic initial

known expressions for the soil water characteristic curvesyng boundary conditions. Clearly, the more complex the con-
(Van Genuchten, 1980; Gardner, 1958; Brooks and Coreyg;irtive model, the more complex the analysis and knowl-
1964) and assuming as boundary condition the water InﬂOWedge of soil properties.

and outflow or values of pore fluid pressure (positive pore

water pressure or suction). _ (@ > ¢') in unsaturated cohesionless pyroclastic deposits
Looking at the limitations of these hydrological models, g hiected to long-lasting infiltration processes, there are sev-
t_he ass_umptlon of steady-state is gene_rally. highly u_nreall|s—era| reasons to propose an MDSS (Fig. 1) containing a GIS-
tic. This glways imposes a model callb_ra.nor) and is suit-jy5caq hydrological 3-D model.
able only in the case of continuous precipitation and when
the uppermost part of the slope, located above the ground-
water surface, is fully saturated and very stiff (fine-grained2 Flowslides in pyroclastic soils
deposits). Vertical infiltration combined with an impervious
base generates a strong constraint for long-lasting infiltratiorin recent decades a number of catastrophic flowslides have
analyses. The concept of “critical rainfall” is strictly linked threatened and partly destroyed small towns in the foothills
with the hypothesis on boundary and initial conditions. An- of Campania’s Apennines in southern Italy. The most
other limitation of the models for saturated soil derives from severe events, in terms of injuries and fatalities, were
their use in cohesionless granular deposits, as their applicahose which occurred in Sarno (1998), Quindici (1998),
tion is not suitable for slope anglesg)(steeper than saturated Bracigliano (1998) and Cervinara (1999) (Del Prete el al.,
soil friction angle ¢’). These models can be used only by 1998; Cascini et al.,, 2000; Revellino et al.,, 2004; Di
introducing a constant “fictitious” cohesion which strongly Crescenzo and Santo, 2005; Picarelli et al., 2008a; Pi-
influences the results of the analyses. Done like this, evertarelli et al., 2008c; Cascini et al., 2010). These devastat-
with the correct calibration with respect to past landslides,ing flowslides mainly involved unsaturated cohesionless py-
if these models are exported to cases which differ from thatroclastic deposits and ran for tens of kilometres.
used for calibration, they generally produce a biased estima- Detailed studies at the slope scale revealed the trigger-
tion of stability conditions. ing mechanisms of those catastrophic events. These studies
In the case of shallow unsaturated pyroclastic deposits, thevere based on the utilization of advanced numerical codes,
“response time” of slopes subjected to infiltration processedoth commercial and in-house. Moreover, they took into ac-
is a function of initial water content and capillary height count some predisposing factors, which are sometimes un-
distribution and can range from a few hours, in the case ofdervalued, such as stratigraphic details (Picarelli et al., 2004;

—

Mitigation Policy

In conclusion, we believe that, to analyse steep slopes
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Crosta and Dal Negro, 2003), vegetation, land use, cuts and —
roads along the slopes (Guadagno et al., 2003), springs and F Bodiastc covers
morphological cuts (Cascini et al., 2010, 2011).

Only recently, Damiano and Olivares (2010) added in-
formation intended to aid the authorities involved in land
management in the southern Apennines to detect cases in
which rainfall-induced slope failure may turn into flowslides. [Fom pre-failure to failure
They stressed the mechanisms of how landslides evolve intd
flowslides (Olivares and Damiano, 2007), stressing the role

} layers parallel to bed -rock.
Initial condition Sr<1

bed-rock: fractured limestone

Slope angle

played in failure by hydrological and geotechnical variables p—— *<¥
such as water content, degree of saturation and suction. Ler Failre —(S1=1) <)
oueil (2004) and Picarelli et al. (2008a) showed that a land- e o oo

slide evolves into a flowslide only when an undrained un-
stable response is established. A necessary condition for a
unstable post-failure response to happen is that the soil is
susceptible to liquefy and instability occurs near to satura-
tion (Olivares, 2001).

Landslides such as slides and avalanches move at lowe
velocity and have a shorter run-out than flowslides. Some-
times such kinds of landslides, unlike flowslides, stop along
the slope or at its toe (Picarelli et al., 2008a, b and c). The
simplified framework to predict the slope response at basin
scale proposed by Damiano and Olivares (2010) is reporte
in Fig. 2. Implementing this framework in our MDSS, we
add to the detection of a landslide useful information on theFig. 2. Conditions for rainfall-induced flowslide in unsaturated soils
spatial distribution of the hydrological and geotechnical vari- (infinite slope).
ables. Such information is of extreme importance so as to
exclude the cases of landslides that will not evolve into catas- ) ) S
trophic flowslides and to allow the authorities involved in landslide risk assessment. Enormous scientific progress has

land management (such as the Campania river basin author€en réached in the case of rainfall-induced landslides.
ties) to reduce the occurrence of “false alarms”. From a socio-economic point of view, landslides are the

most critical hazard for casualties and economic losses. Eco-
nomic losses may reach 1 or 2 % of the gross national product
) ) i in many developing countries (Vaunat and Leroueil, 2002).
3 Socio-economic perspective Large economic losses may be both the direct effect of land-
slides (especially in the case of “missed alarms”) and the in-
The stability of slopes is, from a socio-economic perspec-gjrect effect of “false alarms” of landslides. For example,
tive, a public good which is both non-rival in consumption psiness interruptions may happen in both cases; they can
and non-exclusive. Since there is no market in which the alyegyit from direct property damage or from a forced shut-
location of resources is decided, it is the state that makes thiggwn produced by the electricity and/or water supply being
decision. Yet protective measures against rainfall-inducedyt off, even due to a “false alarm”.
landslides entail complex choices. The opinions of multidis-  gsiness interruptions produce a negative chain reaction:
ciplinary groups of experts are needed: matters of a diversegigck |osses” such as property damage, indirectly produce
nature — civic, geological, geotechnical, meteorological, le-«fioy |osses” such as decreases in production, sales, profits
gal, economic, ecological and social — have to be considyng wages, and job losses, as well as increases in the relative
ered as a whole. Moreover, tools and choices affect differqst of social safety nets and insurers’ liabilities. The total
ent stakeholders: politicians, producers, consumers, taxpays,m of indirect effects is often a “multiplier” of the direct
ers and voters. effects of a business interruption, however it may have hap-
We believe that supporting government in mitigation pol- pened (Rose and Lim, 2002). Public policy may help in terms
icy of the risk involved in rainfall-induced landslides with of “resiliency”, that is the ability of individual and commu-
scientific approach is, above all, a matter of decency andhities to cushion losses. Losses can be minimised (ex-ante)
morality. by providing information and (ex-post) by substituting public
However, rationally defined safety standards must be conservices for private ones, maintaining civil order, providing
stantly validated. In recent decades, the energies of resocial safety nets, health services and financial assistance for
searchers from distinct disciplines have been channelled intoecovery and reconstruction.

‘ Failure =(Sr~1) ‘ ‘ Failure :(Sr«l)‘

|

Undrained or partially Drained
Undrained

Post- failure

Drained,

Evolution:slide or

Evolution: slide
debris avalanches

Evolution: slide ‘
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Over the past few decades, governments, environmend4d The core of the Multidisciplinary Decision Support
tal and research organizations worldwide have invested re- System (MDSS)
sources in assessing land susceptibility and its zonation
(Guzzetti, 2006). Landslide mapping and detailed nationalThe core of the MDSS consists of algorithms and software
geomorphological inventories are the main outputs of litera-to be used for the analysis of hydrological phenomena, in
ture on landslide susceptibility. particular shallow landslides caused by intense precipitation,

Civil protection agencies and basin authorities, engaged irand then to predict such events using a “simulation chain”
land monitoring and management, have issued their warningsf the different physical phenomena mentioned. In this pa-
essentially on the basis of valuable data from surveyed landper we define and validate tools for this purpose. The MDSS
slides all over Italy. Moreover, by means of statistical seriesrequires the development of computational weather models
of rain events, “critical thresholds” are defined. Generally, it which can satisfactorily anticipate the evolution of the syn-
is in respect of these thresholds that the population is alertegptic weather and its changes due to interactions with the
from time to time. Earth’s surface and in particular the rainfall pattern, espe-

In some circumstances the early warning system fails itscially for very intense events. However, it is also important
mission and — unfortunately — the direct costs of such a fail-to be able to “concatenate” the results of the weather forecast
ure can be directly measured ex-post. However, in somanodels with the analysis of the effects of extreme rainfall on
other circumstances, “false alarms” occur. This is often duethe ground in terms of rainfall infiltration and slope stabil-
to biased estimations of stability conditions produced by in-ity. Therefore, it is very important to develop and optimise
appropriate generalisations of some simplified models whosgnathematical models in such a way that they become more
main weakness concerns the study of infiltration processes iaccurate, robust and efficient, but also to define an interface
the soil (see the Introduction). According to economists, thebetween the different models. Construction of this “simu-
cost of a “false alarm” is no small matter. lation chain” is a high priority because landslides usually

To understand these losses we can refer to the economiagcur on very limited areas (slope scale), while the numer-
literature of uncertainty and information and to financial ical weather forecasts currently used operatively, albeit us-
literature (Von Neumann, Morgenstern, 1944; Pratt, 1964;ing very high resolution models, are defined on much larger
Hanoch and Levy, 1969; Rothschild and Stiglitz, 1970; scales (mesoscale, of the order of kilometres). The devel-
Marschak and Radner, 1972; Guiso and Terlizzese, 19949ped MDSS is able to produce appropriate results in brief
amongst others). Market risk premiums are strictly depen-computational times, in order to be used operatively by the
dent on expectations of losses. Financial market operatorsggencies responsible for civil protection. This means always
such as insurance companies, base risk transfer premiunigving output available in short computational times and an
offered against landslides on probability distributions of theimmediate interpretation output. During our activity, it was
catastrophic events. discovered that the best approach to the problem is to estab-

Information can be more or less precise. Sources of indish a multidisciplinary team, which would simultaneously
formation based on past observations are highly valued andddress the issues from different points of view, providing
obviously cannot be neglected. The aim of our Multidisci- constant comparison and integration of the different skills.
plinary Decision Support System (MDSS) in the near future Below the various components of the MDSS are presented
will be to link measured rainfall (input) to the effectsinterms (Fig. 1): the weather model for the atmosphere (COSMO-
of infiltration and slope stability and ultimately arrive at a LM), the downscaling module (MRI) and the hydrologi-
definition of vulnerability and risk assessment (Fig. 1). This cal/geotechnical model for saturated-unsaturated soils asso-
“simulation chain” will add the rainfall forecasts of the mete- ciated to the module for stability analyses (I-MOD3-D). The
orological models as new inputs for slope response analysegode for weather simulations (COSMO-LM) is used to define

As future perspectives, meteorological, geological, hy-the boundary condition for the hydrological/geotechnical
drological and geotechnical outputs of such an MDSS will model (I-MOD3-D) through a downscaling module (MRI).
help estimate probabilities of rainfall-induced landslides con-The results of the MDSS initialized on observed data in 2006
ditional upon constantly updated information. Conditional are reported.
probabilities obtained could be inputs for vulnerability and
risk assessment and for monetization of risks (Chung and
Fabbri, 1999; Gorsevski et al., 2003; Guzzetti, 2006; Alexan-5 Meteorological model (CMCC)
der, 2005).

We believe that adoption of our approach will help reduce The code employed for weather simulations is the COSMO-
the cases of failure in early warning systems, “false alarms”LM model (Doms and Schattler; 1999, 2002). This model
and market risk premiums, and will support private and pub-is developed by the European “Consortium for Small-Scale
lic decisions about whether and where to allocate resourceModelling” COSMO (vww.cosmomodel.ofg The consor-
to cope ex-ante with rainfall-induced landslides. tium is nowadays formed by different national weather ser-

vices and research centres within the member countries. In
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particular, the Italian Air Force, regional agencies for en-
vironmental protection (ARPA Emilia Romagna and Pied-
mont) and CMCC represent the Italian components of the

1°level: warning maps from IMOD-3D.
Input: 48 hours forecasted rainfall (Cosmo_LM 7 Km)

Initialization of IMOD-
3D by 1 year of

Consortium. COSMO LM is developed and used operatively | observedrain dowscaled from MR| Module =
by the meteorological services of several European countries, 5 > > %
namely Germany, Greece, ltaly, Poland, Romania, Russia £ a a G
and Switzerland. Currently, the Italian version of COSMO < o - g
LM, called LAMI, is the reference model for the Italian Civil
Protection (Prime Minister's Directive; 2004). All the op-
erative centres of the Italian Civil Protection, in particular,
receive data from this model on a daily basis.

COSMO-LM is a non-hydrostatic limited area atmo- | mitaizaion of vop- re-initializtion of o parming maps from

. . o L 3D by 1 year of IMOD-3D by last Input: 24 hours forecasted

spheric prediction model; it is based on primitive thermo- | observed rain. observed rain day. rainfall (Cosmo_LM 2.8 Kim)
hydrodynamic equations describing compressible flow in a douscaieafiem MR
moist atmosphere. The model equations are formulated in %
rotated geographical coordinates and a “generalized terrain o > > 5
following height coordinates”. The “generalized terrain fol- £ 2 e' §

lowing height coordinates” is the usual choice for the meteo- <

rological model. This system was defined by Phillips (1957) 2° warning level

with the goal of defining a coordinate surface coincident with

the bottom orography. This feature permits a more efficient

use of the computer resources and simplifies the application _ _

of the lower boundary conditions (Clark, 1977). A variety Fl_g. 3._ Warning procedure for the evaluation of the shallow land-
. - slide risk.

of physical processes are taken into account by the parame-

terization scheme (grid scale cloud and precipitation, moist

convection, radiation, soil model, surface layer and subgrid- ) ) _ _ _
scale turbulence). The two different configurations have different spatial reso-

In the soil module of COSMO LM, called TERRAM, lutions, 7 and 2.8 km respectively, and two different forecast

the equations of mass conservation and heat conduction aféMe ranges, 72h and 48 h respectively.
implemented among soil, vegetation and atmosphere (Heise The model time steps are 40 s for COSMO LM, with the
et al., 2006; Doms et al., 2005). TERRM is a Soil- horizontal resolution of 7 km, and 10 s for COSMO LM with
Vegetation-Atmosphere-Transfer (SVAT) model simulating the horizontal resolution of 2.8 km. Different time steps can
heat and humidity fluxes between soil and atmosphere suralso be selected (sd#tp://www.cosmo-model.org/content/
faces. SVAT models have been widely used in recent yearsasks/operational/default.nym The time step is the period
in both biophysics and ecology to determine vegetation befor the integration of the numerical equations. The output
haviour when faced with extreme conditions, coupled with fields of COSMO LM are produced every 3 h for COSMO
models of flood prediction to determine water volume. LM 7km and every 1h for COSMO LM 2.8km. This is
The prognostic variables of the COSMO LM model are the time period in which the forecast skill is better (this is
horizontal and vertical Cartesian wind components, pres+elated to the horizontal scale; Doms et al., 2011). The con-
sure perturbation, temperature, specific humidity, cloud wa-figuration with a 7 km resolution has a bigger domain with
ter content and optionally cloud ice content, turbulent kineticrespect to the configuration with a horizontal resolution of
energy, specific water content of rain and snow. 2.8km. Since these two model configurations are able to cal-
The tool described in this paper to evaluate stability anal-culate the evolution of the atmospheric variables only in a
ysis following intense rainfall uses data from this meteoro-small portion of the Earth, due to existing computer power,
logical model. Besides, COSMO LM is the meteorological they are called limited-area models (LAMs). LAMs provide
model operatively used by the Italian National Weather Ser-forecasts on a smaller area than the global model but with a
vice to predict weather and flood occurrences. This meangigher spatial (from 1 to 10 km) and temporal (from 1 to 3 h)
that the meteorological data of COSMO LM are available onresolution. The development of LAMs has responded to the
a daily basis, providing the input for the simulation chain de- need to push model resolution up to cells of a few kilometres,
scribed in this paper. This opportunity also means that evenespecially to predict precipitation where there are many pro-
day it is possible, using the rainfall forecasted by COSMO cesses involved, ranging from synoptic scale to mesoscale,
LM, to run the simulation chain proposed herein in order to including processes in the planetary boundary layer and mi-
validate it. The early warning procedure is reported in Fig. 3.crophysical processes, which interact with each other. Orog-
In Fig. 4 we illustrate the domains of the two different con- raphy introduces further complexity, leading to a change in
figurations of COSMO-LM LAMI operatively used in Italy. the dynamics and microphysics, not only in proximity of the
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for COSMO-LM 7km. At this point the forecast data of
COSMO LM 7 km provide initial and boundary conditions
for COSMO LM 2.8 km. This simulation chain enables the
atmospheric model to provide forecasts at the resolution of
2.8km. For the implementation of the simulation chain pro-
posed in this paper (Fig. 5) the ECMWF (European Centre
for Medium-range Weather Forecast) spectral global model,
termed Integration Forecast System (IFS) (Simmons, 1989),
is used to provide initial and boundary conditions for the
COSMO-LM regional model at a horizontal resolution of

[ Limited Area Model: COSMO LM 28Kk |
S R —
[ Quantitative Precipitation Forecast | 7km. COSMO LM initial conditions are provided by in-
[ Downscaling 100m__]

Global circulation model: ECMWF ~20km ‘

l INT2LM

Observations | |_Limited Area Model : COSMO LM 7km |

l LM2LM

| DATA ASSIMILATION |

terpolating initial data from IFS and from the continuous
data assimilation stream. Explicit balancing by a hydro-
static temperature correction for surface pressure updates, a
geostrophic wind correction and a hydrostatic upper-air pres-
sure correction are also provided by the nudging procedure.
The initial conditions are calculated by the pre-processing
program INT2LM. A detailed description of interpolation
procedures is provided on the COSMO web site (Schaettler,
2009). The lateral boundary conditions are obtained with a
relief but also at a distance which is sometimes considerablegne-way nesting by Davies-type lateral boundary formula-
In terms of modelling, suitable representation of orographytion (Davies, 1976, 1983). The top boundary conditions are
and of related small-scale processes has yet to be found. Curepresented by a rigid lid condition and a Rayleigh damping
rently, the mesoscale models are those best able to assegger (Torrisi, 2005). The latter is an absorbing layer used
some high-impact events such as small hurricanes, stormg reduce spurious downward reflection of vertically propa-
and very extensive tornadoes (Trentmann et al., 2009). gating waves from the rigid top boundary, which can com-
LAMs need to be initialized by global models through pletely distort the numerical solution. This viscous damping
proper initial and boundary conditions. Regional modelslayer is usually applied at the top of the computational do-
represent a dynamic downscaling of global circulation mod-main to absorb upward propagating wave disturbances before
els (GCMs). Initial and boundary conditions to the LAM they reach the rigid top boundary. Free or non-slip boundary
models can also be provided by a lower resolution LAM. conditions are imposed at the bottom of the boundary (for
GCMs are numerical models providing forecasts on the endetails on the boundary conditions see Doms et al., 2005).
tire globe. Due to existing computer power, they have areso- The models used to assess slope stability require precip-
lution of about 15-20 km and a forecast time range of abouitation input at a scale in the order of tens or hundreds of
10 days. To improve the GCM forecast resolution, the GCMmetres: due to the impossibility of using resolutions higher
forecast data are used as initial and boundary conditionshan 2.8 km in numerical weather prediction (NWP) models,

Fig. 5. Meteorological model steps.
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Fig. 6. Superimposition of COSMO LM 2.8 km model grid points (black dots) with the Digital Elevation Model (DEM) with the area with a
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the algorithm to downscale the rainfall data has to be defined, By adopting this method, only a small part of precipita-
thus, allowing the two classes of models to interface. tion is physically interpolated by using topographic variables
Rainfall represents a very discontinuous meteorological(MRI method) while the largest part is interpolated by us-
variable, whose distribution is strongly affected by orogra-ing the statistical method RBF. However, even if there is
phy. Starting from the precipitation forecast of the COSMO little correlation between the precipitation and the topogra-
LM model on the area of interest a digital model of an inter- phy, this method gives numerical stability to the hydrologi-
polated precipitation is defined on a regular grid with a reso-cal/geotechnical model put in cascade simply because it ac-
lution of up to 100 mx 100 m (Fig. 6). Several methods for tually takes into account the features of the topography. To
interpolation were tested, namely Inverse Distance Weightdate, no technique for the temporal downscaling of precip-
Radial Basis Function (RBF), Kriging (ordinary, simple, itation has been tested. This is due to the nature of the
universal and disjunctive), Local and Global Polynomial hydrological-geotechnical model that does not require an in-
Interpolation and Multivariate Regression Method (MRI) put with a time resolution smaller than one hour.
(Antofie, 2009). The best performances were obtained with This procedure was implemented as a plug-in module for
a method which combines MRI and RBF. ArcGIS that automatically elaborates fine resolution precip-
MRI allows a regression of precipitation to be performed itation data (rasters) based on hourly precipitation forecast.
with respect to topographical variables (Baillargeon, 1989;The calculated ArcGIS raster data is directly read by the sta-
Vigier, 1981) following the relationship: bility model in cascade.
To retrieve the values of precipitation at each poing)X
of the finer grid (100 nx 100 m), the values of residuals,
known only at points,n) of the coarser grid, were in- g  Hydrological/Geotechnical model — I-ModGIS 3-D
terpolated by using the RBF statistical method as proposed
by Ninyerola et al. (2000) and Agnew and Palutikof (2000). |_\MoD 3-D is a 3-D finite volumes code for infiltration and
Hence, the values of precipitation at each point of the highelsiapility analysis developed at the Geotechnical Laboratory
resolution domain (Rajry) can be obtained as of the Second University of Naples (Olivares and Tommasi,
Rain ; = RBF(residual$+ag+ a1 Elevation ; 1 2008; Damiano and Olivares, 2007, 2Q10; OIi\_/ares et al.,
++az Aspect ; +as Slope ;. ) _2009). The goal of t_he I-MOD 3-D code is to define a warn-
ing map at the basin scale in loose unsaturated pyroclastic
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Fig. 7. Cervinara site: plan-view, monitoring station and schematic cross-section.

soils. This code represents the “last link” of the “simulation v (x,y,z,t) =—K (0(x,y,z,0)) X V(¥ (0 (x,y,z,1))+2) (2)

chain”. This component of the chain consists of a finite vol- 90(x,y.2.1)

ume model for infiltration analyses (I-MOD3-D) and a sta- ——— "~ = —V x v(x,,2,t) 3)

bility module which has respectively the goal of analyzing 9

the rainfall-induced infiltration process (definition of spatial- where:

temporal distribution of suction, water content and degree of 6 (x,y,z,) is the volumetric water content;

saturation) and assessing the stability conditions of shallow v(x,y,z,?) is the velocityx, y, z;

deposits (definition of a stability map). These two parts are K (0(x,y,z,1)) is the hydraulic conductivity;

integrated through an interface able to automatically define a ¥ (6) is the relationship between capillary pressure head

finite volume discretization of soil starting from a digital ter- (fluid pressure potential) and volumetric water content (WRC

rain model (DTM), and to capture the forecasted rain fromwater retention curves) in unsaturated soils. The water re-

the MRI module. tention curves (6)) are described by the Van Genuchten
The 3-D finite volumes module for infiltration analysis is expression (1980):

developed as a visual basic application (VBA) for ARC-GIS 0 =6r(0s6r) /[ Ly (6)")]™

9.2 in an uncoupled formulation for unsaturated porous me- Where:

dia in isothermal conditions, neglecting the flux of the gas r is the residual volumetric water content;

phase. The current version of this module does not consider s is the saturated volumetric water content;

run-off or vegetation (transpiration). Mesh-generation auto- «,n,m are parameters estimated from experimental mea-

matically starts from the digital terrain model. The general Surement.

governing differential equations for 3-D flow are expressed The hydraulic conductivity functions implemented in the
as model are both the Van Genuchten (1980) and the Brooks and

Corey (1964) relationships, depending on volumetric water
content and porosity: or degree of saturatio$y (60 =nS;):

k = ksaSE5[1— (1—S€e/™)")? (Van Genuchten1980 (4)
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CERVINARA

a) - DEM Ax=Ay=5m b)

- homogeneous unsaturated porous media

- saturated permeability:
5-:10"m/s <k_, < 5-10°m/s

sat

- unsaturated permeability: k = kS

sat

-WRC: 6=0+(0.-6,)/[1+(c. ¥(6))"]™
(van Genuchten, 1980)

- parameters:
0.1<6,<0.3; 6,=0.7; 0.05<m<0.08; n=20; a=5

Shear strength

- 16 C)
% Saturated soil:
$12 e [ - effective friction angle ¢'=38°;
% o /':‘i. - effective intercept of cohesion ¢’=0;
T 8@
=]
¥ 4 / Unsaturated soil:
] /. - effective intercept of cohesion ¢'=0
z - effective frictional angle ’=38°
0 0 20 40 60 80 100 - “apparent” cohesion c=f(u,-u,)
suction = (u,-u,) (kPa)
Fig. 8. Cervinara Digital Terrain Model (DTM).
k =ksal(S©1°  (Brooks and Corey1964) (5) 7 Test cases: description and results
where Se=(Sr-Srr)/(1-Srry= (60 — 6;)/((6s6;) effective de- . o . _
gree of saturation; To ascertain the reliability of the presented “simulation
Srr=residual degree of saturation; chain”, we consider the well-documented case study of Cerv-
S = empirica] constant related to the pore size distributioninara, where in 1999 a landslide evolved into a CataStrOphiC
index. flowslide. The Cervinara study area represents a typical geo-

The stability module computes for each point of the sub-morphological context where volcanic ashes rest on fractured
soil the local safety factor under the assumption of infinite limestone. It is directly sited on the slope involved in the
S|ope using the fo”owing expression: Catastrophic flowslide (Flg 7) The area has falrly regular

, , , steep slopes (around 90consisting of layered unsaturated
_ Tim _ [+ W O)/ye) X x18¢' 1+ (0p—ua) X 18¢ (6)  air-fall pyroclastic soils in primary deposition overlying frac-

FS
T 8 tured limestone. In situ investigations and monitoring of suc-
where:¢’ is the effective cohesion: tion and rainfall are available (for details see Olivares et al.,
v is the water specific weight; 2003; Damiano and Olivares, 2010; Damiano et al., 2012)

7 are the shear stresses parallel to the slope; as well as mechanical and hydraulic properties of the soils
(04 —ug) are the net stresses normal to the sl(;pe' (for details about experimental programmes and geotechni-

x is a parameter that describes the unsaturated she&?! mode!s see Olivares and Picarel_li, 2001, 2003; Olivares
strength increment due to the suction increase: and Damiano, 2007; Greco and Guida, 2008; Greco et al.,

¢’ is the effective friction angle. 2010).

In this expression the shear strength of soil along planes For Cervinara, data are available from a pluviometric mon-
parallel to the ground surface is calculated by means of thétoring network of the Civil Protection. Moreover, since 2002
extension of the Mohr-Coulomb criterion for unsaturated the monitoring system of the Second University of Naples
soils (Fredlund and Rahardjo, 1993), supplied by the suc{SUN) has been producing data from the rain gauge inside
tion values which are calculated by I-MOD3-D. The code the monitoring station; as it is directly located on the slope
contains an integrated post processor to display, for each insubjected to the catastrophic flowslide, its data are preferred
tegration time and for different depths, contour maps of thefor the calibration of our MDSS. The landslide area was in-
volumetric water content, matrix suction and the local safetyvestigated with some boreholes located at the toe of the slope,
factor. and a number of shallow pits dug along the slope (Olivares et
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Fig. 9. Estimated evapotranspiration rate (Cervinara: 2006—-2007).

al., 2003a). Consisting of cohesionless pyroclastic soils, the =
deposit has an average thickness of 2.4 m. ‘

The data on slope geometry (aerophotogrammetry at a
scale of 1:5000) and soil properties were combined to de+ig. 10. Boundary conditions applied in terms of rainfall daily and
fine the DTM in Fig. 8. The slope (about 1 Rmwas dis-  cumulative height (Cervinara 2006—2007).
cretized in the IMOD-3-D module as a homogeneous soil
with a 3-D mesh generated by DEM with a constant cell size
of dx =dy =5m (using a square grid based cell) and using aas evaporation flux during dry days. For the lateral and base
constant/z = 0.12 m. The bedrock, constituted by fractured surfaces a boundary condition of free flow was adopted.
limestone, was assumed at a constant depth of 2.4 m. Figures 10 and 11 show the boundary conditions applied

Three events in 2007 (Table 1) were selected to test thdh terms of rainfall daily height and cumulative height and of
chain. The test cases aimed to evaluate the performance df-OUT water flux and cumulative height balance through
the simulation chain, comparing observed and predicted rainthe SOlI—.atmosphere interface. In 2096 the cumulative rainfall
fall and suction in the subsoil. Even if during these eventsat Cervinara was about 1500 mm with a IN-OUT water flux
no landslide was detected, quite high cumulative rainfall was"€ight balance of 610 mm. In 2007 the number of dry days
found in the rain-gauge installed at the Cervinara site. was lower, causing smaller d|ff_erences in terms of water flux

balance (IN-OUT= 260 mm) (Figs. 10 and 11).

Starting from this input in terms of water flux through the
soil-atmosphere interface, the validation step consisted of a
o ) ) set of parametric analyses exploiting the range of variation
The mﬁltrgﬂon process was numerlca!ly simulated under thegs qj| parameters obtained from laboratory tests (and re-
hypothe5|s of a homogeneous d_e_posn for both areas a”d_aBbrted in Fig. 8) under the assumption of a homogeneous
plying as ground boundary conditions the average daily rainynsaturated porous medium, assuming as initial condition a
fall intensity during rainy days (pluviometric measurements) constant value of suction equal to the mean value (10 kPa)
or the evaporation flux during dry days. The evaporation flux,ecorded at Cervinara at the beginning of the simulation (Jan-
towards the ground surface (Damiano et al., 2012) was €Sgary 2006).
timated from Cervinara in situ suction measurements pro- g pest fitting of suction measurements was obtained by
vided by tensiometers installed between 60 and 90 cm Ofadopting:
depth. The calculations are based on Darcy’s law and suc-
tion measurements. Hydraulic conductivi_ty was estimatgd — for the water retention curve the van Genuchten (1980)
from the Brooks and Corey (1964) expression. The hydraulic  expression withgs = 0.7, 6; = 0.1, m = 0.08, n = 20,
flux (Fig. 9) seems to depend mostly on the number of an- a="5:
tecedent dry days, regardless of the season (the higher the
number of dry days, the lower the flux rate). The trend re- — for the unsaturated hydraulic conductivity functions
ported as a dotted line was assumed in numerical simulation  the Brooks and Corey (1964) expressioh=f ksat

7.1 Calibration of the infiltration model
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Table 1. Test cases.

999

Event Features of COSMO-LM Module Downscaling MRI Module
From to
3 Apr 2007 4 Apr 2007 Hor. Res: 7 km Forecast Time Range24 h; -
3 Apr 2007 4 Apr 2007 Hor. Res: 2.8 km (no convection); Forecast Time Rarg24 h -
3 Apr 2007 4 Apr 2007 Hor. Res: 2.8 km (shallow convection); Forecast Time Rarg&4h  From 2.8 km to 100 m
6 Mar 2007 7 Mar 2007 Hor. Res:. 7 km Forecast Time Range24 h; -
6 Mar 2007 7 Mar 2007  Hor. Res.2.8km (no convection); Forecast Time Rarg24 h -
6 Mar 2007 7 Mar 2007  Hor. Res:2.8 km (shallow convection); Forecast Time Rarg24h  From 2.8 km to 100 m
6 Feb 2007 10 Feb 2007 Hor. Res7 km Forecast Time Range36 h; -
6 Feb 2007 10 Feb 2007 Hor. Res2.8 km (no convection); Forecast Time Rarg24 h -
6 Feb 2007 10 Feb 2007 Hor. Res2.8km (shallow convection); Forecast Time Raeg@4 h;  From 2.8 km to 100 m
20 —4—7=0.6m ——z=0.6m —*%-z=0.6m ——2z=0.6m —&—2z=0.7m
o LABARE A e e i Wkl | I @)  ——7=1.0m —o-z=1.8m —&—7z=1.9m ——2=2.3m
T w‘ 10 0
T o, | AL ‘ 8 | 50
o ! numerical simulation
‘ 2° 2=0.48m 100 _
80 = z=0.96m E
"\*4 z=1.44m 1 150
120 2 it :i\;_: N -1 200
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Fig. 12. Cervinara case: numerical simulation resul#;compari-

Fig. 11. Boundary conditions applied in terms of IN-OUT water son between the suction (height) measurements, rainfall and numer-
flux and cumulative height balance (Cervinara, 2006 and 2007). jcal data;(b) safety factor trend.

(51)?), considering for the saturated conductivity the slope) compared with the suction measurements taken along
mean value obtained in the laboratory tesf(= 1 x the slope and at different depths.
10-°ms1) and a nil value of the residual degree of  Different measurements are made at different points in
saturation Srr and an empirical constant related to thespace at the same depth. Understandably, the spatial het-
pore size distribution index,= 3. erogeneity of soils produces different measurements at the
same depth. In order to make a more significant compari-
In Fig. 12 we report the simulated suction trends betweenson, the results of numerical simulation are compared with

the depths of 0.6 m and 1.5m (point A located along thea re-elaboration of the same results considering the average
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Fig. 13. Cervinara case: numerical simulation results; comparison 5
between the mean value suction measurements (height), rainfallan g 3¢ £
numerical data. % a0 : _—
50 E forecasted rainfall
) ) 60 F measured rainfall
of the different measurements (Fig. 13). Another aspectthar 70 S

is worth considering is that this comparison is made by con-

sidering a numerical simulation, in the hypothesis of a ho-Fig. 14. First test case: hourly rain intensity and cumulative rain
mogeneous soil, lasting more than 16 months; applying aseight during 3—4 April 2007, evaluated at points A in the site of
boundary condition in the absence of rain the OUT waterCervinara.

flux estimated from elaboration of the same suction and wa-
ter content measurements we sought to reproduce. Hence, . . .
the results presented in Fig. 13 in the wet period have to be For the same point (point A along the slope) Fig. 12b

considered in good agreement with the numerical simulationShOWS the corresponding evolution of the safety factor. As
. . 9 9 . . ., expected, the minimum values were obtained in wet periods,
while during dry periods the predicted trend is to be consid-

ered “qualitatively” in agreement with measurements in thealbelt always higher than 1 (as confirmed by the absence of

topsaoil, albeit at lower values. landslides).
In our opinion, this is probably due to the combination of 7 5 Test cases
two factors:
S _ ) ~Having calibrated the hydrological and geotechnical models,
— the simplified assumptions on evaporation flux applied e “simulation chain” was “closed” by the three tests. The
in the model at the ground interface with the atmosphereests consisted of numerical simulations of the effects of the
do not take properly into account the effect of transpira- rainta]l forecast in the 48/120 h after the three selected dates,
tion in the shallowest layer due to the presence of vegepstituting the recorded rainfall with the downscaled fore-
tation (brushwood and chestnut wood); cast rainfall derived from the MRI module. The initial con-
dition in terms of suction and volumetric water content was
_derived from numerical simulation presented in the previous
section (Fig. 12).
The selected dates were:

— the hydraulic conductivity function is unable to cor-
rectly simulate the unsaturated soil response in pyro
clastic soil.

This last consideration is not linked to the ability of the
van Genuchten expression to reproduce the functional rela-
tionship between suction and volumetric water content or 2. 6 March 2007 Ar =48 h) (Fig. 15);

degree of saturation (amply demonstrated in the literature) )

but, rather, to the biased estimation of hydraulic conductiv- 3 6 February 20074z =120 h) (Fig. 16).

ity in the case of pyroclastic soils, as shown by Romano et | the first and second cases, the simulation period was
al. (2011). This biased estimation is explained by Romano elig - in the third case it was 120 h. Figure 17 shows a plain
al. (2011) to be linked to the pyroclastic structure of soils. In yapresentation of the downscaled predicted rainfall obtained
this regard, the same authors proposed a bimodal lognormgjjith the MRI module during the first test case. As described
function to describe soil hydraulic properties, taking into ac- i sect, 3.2, input data was obtained by MRI (physical deseg-
count the structure of pyroclastic soils in permeability func- yegation of precipitation with topographical variables) and
tions on the basis of an experimental program performed ofjng resiqual was interpolated by the RBF method. The topo-
natural samples from Campania. graphic variables utilized for desegregation were: elevation,

1. 3 April 2007 (Ar =48 h) (Fig. 14);
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Fig. 16. Third test case: hourly rain intensity and cumulative rain
Fig. 15. Second test case: hourly rain intensity and cumulative rainN€ight during 6-10 February 2007, evaluated at points A in the site

height during 6-7 March 2007, evaluated at points A in the site ofOf Cervinara.
Cervinara.

slope and aspect. The event lasted slightly more than one Comparing the three tests it may be observed that:
day and its paroxysmal phase was expressed on the secon
day: the rainfall began to take on appreciable values after
1a.m., on 4 April 2007 and values greater than 5nhh
were recorded during the second day.

In the first and second tests (Figs. 14 and 15), cumulative
rainfall was about 20—30 mm but, in the first case, the rain
was distributed over 34 h while in the second case within
a much shorter period (15h). The third case (Fig. 16) cor-
responds to a predicted rainfall of lower cumulative height
(12 mm) distributed over a longer period (120h). Compari- 2 the final value of safety factor is lower for test case 1
son between measured (from pluviometric measurements at  here rainfall had a greater cumulative height, start-
point A) and forecast rainfall reveals a qualitative agreement.  jng from initial conditions with higher volumetric water

content (lower capillary height).

dl. the wetting front depth is influenced by the duration of
the event: in the third case (BF 120 h) there is a strong
reduction in capillary height of up to 60—80 cm while in
the second case (DF 15 h of effective rain for 48 h of
observations) the maximum depth reached by the infil-
tration process is about 36 cm. This clearly influences
the depth at which the safety factor reduction is non-
negligible.

The Cervinara slope response predicted by the IMOD-3-
D module is reported in Figs. 18 to 23. Figures 18, 20 and In all three tests our “simulation chain” was successful in
22 show the results of the numerical simulation of the infil- providing information about the link between predicted rain-
tration process in terms of safety factor using the output offall and slope response (at slope scale) as it considered the
the MRI module as a boundary condition at the ground sur-spatial and temporal distribution of predicted rainfall, soil
face and the results of numerical simulation (calibration step)properties (in saturated and unsaturated conditions) and the
reported in Fig. 12 as the initial condition. As expected, ainitial and boundary conditions (provided by the numerical
strong reduction in the safety factor occurs only in the shal-simulation initialized from monitoring).
lowest portion of the deposit (from the ground surface up
to the depth of about 40-60cm). The effects are negligible _
at greater depths. Similar information can be obtained from® Conclusions
Figs. 19, 21 and 23 in which, for point A located along the
slope, the same simulations are analysed in terms of capillar
height @), volumetric water contenty,) and safety factor
profiles.

his paper set out to propose a Multidisciplinary Decision

upport System (MDSS) as an approach to manage rainfall-
induced shallow landslides of the flow-type (flowslides)
in pyroclastic deposits. What ensured the robustness of
the MDSS s its core based on advanced hydrological and
geotechnical characterization which stem from laboratory
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Fig. 17. Forecasted rainfall of 4 March 11 by MRI downscaling mod@@time= 0; (b) time= 1 h; (c) time=5 h; (d) time=22h.

and in situ investigation taking into account the real nature In accordance with the Prime Minister’s Directive (2004),
of soil. the Italian version of COSMO-LM (LAMI) is the reference
In the Cervinara case it was possible to reproduce the slopeodel for the Italian Civil Protection. Our MDSS allows
response in terms of the variables which are necessary botbompliance with the Directive, since the forecasts provide the
to describe instability phenomena and the eventual evolutionnput for hydrological and geotechnical models initialized on
into a flowslide. The simulated trends of suction and volu- the basis of the monitoring results.
metric water contents sufficiently reproduce, in a two-year The outputs of our MDSS, mainly warning maps and spa-
monitoring program, the results obtained in wet periods. In-tial distribution of water content, suction and degree of sat-
stead, the results obtained in dry periods are only of a qualuration, are necessary to understand the possibility of insta-
itative kind. This is the effect of the combination of sim- bility phenomena and post-failure evolution into flowslides.
plified assumptions on evaporation flux applied in the modelSuch outputs may helpfully exclude the cases of landslides
and biased estimations of hydraulic conductivity that cannotthat will not evolve into catastrophic flowslides and allow the
reproduce the true structure of pyroclastic soils. authorities involved in land management to reduce both the
As a future development, one of our aims is to implementcases of “false” and “missed” alarms.
the characteristic curves proposed by Romano et al. (2011)
within our MDSS, in order to take into account the pyroclas-
tic structure of soils. This could enhance the reliability of the
estimation of hydraulic conductivity and of infiltration pro-

cesses.
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Cervinara test case : 3-4 April 2007
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Fig. 18. First test case: distribution of safety factors vs. time at depths of 0.36 m and 1.92 m in the selected area.
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Fig. 19. First test case: capillary height, volumetric water contents and safety factors profiles at point A.
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Cervinara test case : 6-7 March 2007
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Fig. 20. Second test case: distribution of safety factors vs. time at depths of 0.36 m in the selected area.
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Fig. 21. Second test case: capillary height, volumetric water contents and safety factors profiles at point A.
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Cervinara test case : 6-10 February 2007
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Fig. 23. Third test case: capillary height, volumetric water contents and safety factors profiles at point A.
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