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SUMMARY This document describes the numerical models and tools
constituting the integrated system for the qualitative and quantitative
assessment of the hydrogeological risks due to climate change developed
in the framework of the GEMINA project (product P91). In particular the
work package 6.2.17 “Analysis of geological risk related to climate change”
has as main goal the analysis of landslides, floods and droughts risks
related to climate change conditions on the Mediterranean area. The
integrated system combines, in appropriate way, high-resolution regional
climate scenarios, impact models and statistical downscaling techniques.
All these are described in the current document. In addition, this document
contains a description of the test cases on which the integrated system will
be verified.
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INTRODUCTION

This report is aimed to define the general ob-
jectives of GEMINA wp 6.2.17 “Analysis of the
hydrogeological risk related to climate change”
and to describe the work plan to achieve these
objectives. This document defines the archi-
tecture of the simulation system, the main fea-
tures of the tools adopted and the strategy for
the verification of the integrated system. The
main goal of the wp 6.2.17 is to provide an
evaluation, qualitative and quantitative, of the
hydrogeological risk in some typical contexts of
the Mediterranean area. In particular, the focus
will be on landslides, floods and droughts risks.
The research activity will also analyse the role
of the uncertainties of the complex relationship
between “climate change and hydrogeology” at
regional scale on risks evaluation.

MOTIVATION

The warming of the climate system in recent
decades is evident from observations showing
an increase in global average air and ocean
temperatures, a widespread melting of snow
and ice, and a global rising of sea level. Sev-
eral studies show that most of the observed
increase in global temperatures since the mid-
20th century is related to the observed in-
crease in anthropogenic greenhouse gas con-
centrations. This climate warming may cause
an intensification of the water cycle, which is
strongly dependent on the atmospheric tem-
perature, and may determine a change in many
components of the hydrological cycle such as:
precipitation patterns, intensity and extremes;
atmospheric water vapour; evapotranspiration;
soil moisture and runoff. However, it is diffi-
cult to identify long-term trends for the compo-
nents of hydrological systems as they are of-
ten masked by their significant natural variabil-
ity, on time-scales from interannual to decadal.
This variability, together with limitations in the

spatial and temporal coverage of monitoring
networks, can explain the current substantial
uncertainty in trends identification of hydrologi-
cal variables [3]. Many hydrological simulations
predict a change in the hydrological cycle, but
these projections are typically affected by sev-
eral sources of uncertainty, in fact, in addition
to the uncertainty of the considered hydrologi-
cal model, there is also the uncertainty related
to the fact that these models use, as input, the
results of climate simulations, which in turn are
characterized by a certain uncertainty. A further
problem is related to the different spatial scales
of climate models and hydrological models. A
number of methods have been used to handle
these scale differences, ranging from the sim-
ple interpolation of climate model results to dy-
namic or statistical downscaling methods, but
all these methods introduce other uncertainties
into the projections [3]. This work is aimed to
evaluate variations in the hydrogeological risks
(in particular floods and landslides) due to cli-
mate change and the main goal of this research
activity is to correctly model the link between
hydrological and climate models. In particular
the focus will be on the Mediterranean area.
In this region, according to Christensen et al.
(2007) [14], annual mean temperatures will rise
more than the global average and the warm-
ing is likely to be largest in summer (figure 1).
Moreover, in the Mediterranean area the ma-
jority of the models foresee summers charac-
terised by an increase, in frequency, of extreme
daily precipitation despite a decrease in aver-
age precipitation. Thus this tendency can lead
to longer dry periods, increasing the risks of
droughts, interrupted by extreme intense pre-
cipitation, enhancing the risk of floods [3]. This
scenario of hydrologic and climatic variability
is also associated with an increase in the vul-
nerability of the territory. This increased envi-
ronmental vulnerability is mainly related to an-
thropogenic effects and is caused by exces-
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Figure 1:
Temperature and precipitation changes over Europe from the Multi-Model Data set (MMD)-A1B simulations (PCMDI). Top row:

Annual mean, DJF and JJA temperature change between 1980 to 1999 and 2080 to 2099, averaged over 21 models. Middle row:
same as top, but for fractional change in precipitation. Bottom row: number of models out of 21 that project increases in

precipitation [14].

sive urbanization and by inappropriate modes
of socio-economic development, infrastructure
and human settlements. These problems are
very critical in Italy, due to the presence of
many small catchments which tend to quickly
overflow in response to heavy rainfall, even of
short duration, especially in specific conditions
of the soil. In the Mediterranean basin, due to
the complex topography and coastlines, current
AOGCMs (Atmosphere-Ocean General Circu-
lation Models) are still too coarse to capture the

fine scale structure of the climate change sig-
nal as they can only provide broad scale type of
informations. As consequence, high resolution
modeling (RCM or downscaling techniques) is
necessary to simulate surface climate change
over Mediterranean region, especially for use
in impact assessment studies [27]. On the ba-
sis of what has been observed so far is clear
that the relationship between “climate change
and hydrogeology” is very complex and difficult
to evaluate because it is affected by different
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sources of uncertainty. Furthermore is evident
that an important aspect for the evaluation of
hydrogeological risks is the need to have high-
resolution climate simulations, especially on a
region with a complex orography such as Italy
(which is the area under test). These are the
main reasons that justify the objective of this
research, that is the realization of an integrated
system of numerical models and tools for the
qualitative and quantitative evaluation of the hy-
drogeological risks in some typical contexts of
the Mediterranean area. This integrated sys-
tem has the purpose of combining, in appropri-
ate way, high-resolution regional climate sce-
narios, impact models and statistical downscal-
ing techniques.
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ARCHITECTURE OF THE SIMULATION
SYSTEM

The global climate models (GCMs) are very im-
portant to study the current climate and to ob-
tain projections on the future climate using dif-
ferent anthropogenic emission scenarios [53].
The most important advantage from using GCM
outputs is the guaranteed physical consistency
between variables [32]; [28]; [48], however they
are not adequate for climate regional studies
[15], to support impact studies and for stud-
ies on adaptation strategies to climate change.
The generation of climate scenarios at higher
resolution is needed for these goals [25]. The
need for site or regional scenarios of climate
change for impacts studies has existed since
years and has thus resulted in the develop-
ment of different methodologies for deriving
such information [36]. These methodologies
are known as “downscaling” and the interest to-
ward them is also confirmed by the existence of
different nationals and internationals initiatives
(see WCRP CORDEX and Giorgi et al.(2009)
[26]). Downscaling techniques have been de-
signed to bridge the gap between the informa-
tion that the climate modelling community can
currently provide and that required by the im-
pacts research community [69]. A downscaling
at regional scale of the GCM scenarios can be
provided with two different methods: statisti-
cal or dynamical downscaling. In the architec-
ture presented in this work they are both im-
plemented, at first a RCM is used to provide
a spatial downscaling of the GCM and there-
fore a statistical downscaling, named MOS, is
applied to the RCM output to remove the bias
of the model output. RCMs are numerical cli-
mate models nested on the GCM, usually using
a one-way nesting procedure. This technique
consists of using outputs from GCM simula-
tions to provide initial and driving lateral bound-
ary conditions for high-resolution RCM simula-

tions, without feedback from the RCM to the
driving GCM. This technique derives finer res-
olution climate information from coarser resolu-
tion GCM. RCM provides output only for a part
of the globe at a finer spatial resolution (see
figure 2). The RCM adopted in this architecture
is COSMO CLM. It provides output in a spatial
range among 1 and 50 km and it doesn’t use
the hydrostatic approximation as the GCM. The
reasons to adopt an RCM in the architecture are
different:

validation and present-day climate ex-
periments with RCMs have shown that,
when driven by analyses of observations,
RCMs simulated realistic structure and
evolution of synoptic events;

compared to the driving GCMs, RCMs
generally produced more realistic re-
gional detail of surface climate, represent-
ing the input for impact models [67];

RCMs can provide more detailed informa-
tion on climate extremes, often more im-
portant than knowledge of average prop-
erties. This behaviour is noted in several
studies, for example the simulation per-
formed in the PRUDENCE project (Pre-
diction of Regional scenarios and Un-
certainties for Defining European Climate
change risks and Effects , 2002-2005)
[11].

Nevertheless, the use of RCM introduces fur-
ther factors of uncertainty in the climate simula-
tions with respect to GCM and the RCM perfor-
mances are critically affected by the quality of
the driving data provided by GCM. In order to
provide climatological input to impact models is
suggested by different studies the necessity to
apply procedures of calibration and downscal-
ing of the RCM simulations through a statistical
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Figure 2:
Representation of dynamical downscaling.

downscaling procedure. The statistical down-
scaling (SD) techniques are based on statistical
models applied on historical data [68]; [5]. They
can provide data at higher spatial resolution, in
respect to the RCM and GCM. These features
are very useful for impact studies, because they
often depend strongly on the fine scale climate
conditions. Statistical downscaling techniques
capture the empirical relationship between vari-
ables on a large scale of GCM (“predictors”,
such as the geopotential to 500 hPa, tempera-
ture at 850 hPa) and the local variables (“predic-
tands”, for example the precipitation at a spe-
cific location). Statistical downscaling meth-
ods cover: regression models, weather pat-
tern classification schemes, weather time se-
ries generators and combinations of the above
mentioned techniques. In general, these mod-
els are at first calibrated using data from the
reanalysis (as ERA40 or NCEP reanalysis) -
following the approach called Perfect Progno-
sis (PP) - and then applied to the scenarios of
GCM. One of the main advantages of these SD
techniques is that they are much less computa-
tionally expensive than to run physical simula-
tions with RCM. For this reason is also easier to
provide an ensemble of high resolution climate

scenarios and, therefore, an assessment of the
uncertainty in future scenarios. The main dis-
advantages, on the other side, are: the need
of large amounts of observational data to es-
tablish statistical relationships among variables
and the fact that relationships between predic-
tands and predictors are valid only within the
range of the data used for calibration, and fu-
ture projections may lie outside of this range
[21]. The increasing availability of regional
simulations re-analysis driven (for example the
ones produced by projects such as ENSEM-
BLES [64]) has led some authors to recently
suggest the possibility to combine the advan-
tages of the downscaling methods: dynamical
and statistical. This is realized by the MOS
(Model Output Statistics) downscaling, which is
a statistical downscaling applied to the output
of a RCM [37]. In this case, the predictor is di-
rectly the output variable of a RCM (as the pre-
cipitation of the regional model), which is em-
pirically related to the observed variable (pre-
cipitation in a local station or in an interpolated
grid point) through the algorithm downscaling
statistics. This approach allows local adapta-
tion of the outputs from regional models using
high-resolution observations. RCM output, cal-
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ibrated by MOS downscaling (mainly applied
to temperature and precipitation), is then used
as input for impact models. Two different im-
pact typologies are considered in this research
activity: floods and landslides. A huge part
of the research activities is constituted by de-
velopment and verification of impact simulation
models and by development of a correct link be-
tween these models and climatological models,
previously described. Floods and landslides
phenomena are simulated using different sim-
ulation models. Follows a description of impact
simulation models used in this work.

A flood model requires a hydrological model
and a hydraulic model. The first one deter-
mines the runoff generated by a rainfall event
and provides hydrographs at different location.
Hydrographs describe the variation of water
level/river discharge in time, due to the rainfall
event. The hydrologic model, fed by the hy-
drographs modeled by the hydrological model,
deals with the propagation along the river of the
flow discharge considering the river sections
geometry, position, and eventually presence of
bridges or other structures and their geome-
try, river roughness and flow-height relationship
(rating curve). The hydrological component
of a flood modeling system can be based on
distributed models, computationally demanding
and requiring a detailed description of the terri-
tory in terms of topography, quantity and inten-
sity of precipitation, soil saturation, soil proper-
ties and land use, or on lumped models that are
less demanding in terms of data and computa-
tional load. However distributed models results
provide more information than lumped models
since they take into account also the spatial
distribution of the inputs (rainfall patterns).

Rainfall-induced landslide modelling ap-
proaches are usually classified as local models
if they focus on single landslide processes or
regional models if they show greater spatial ex-

tent. The first ones allow detailed investigation
about triggering and failure processes while
the second ones generally are used to analyze
landslide susceptibility or eventually landslide
risk. In both cases, it needs to deal with two
problems: hydraulical and mechanical. The
most comprehensive way, although much more
complex, is to analyze the coupled problem
solving in numerical way the simultaneous
equations governing the phenomenon (consis-
tency equations, continuity equations for each
system component, constitutive equations,
equations of state). Because of remarkable
complexity of the approach, simplifying the
problem through appropriate assumptions,
it’s often preferred to solve in series the two
aspects; in this way, the hydraulic problem
passes to the mechanical one the soil pore wa-
ter pressure values. Under such hypotheses,
adopting increasing complexity approaches,
the hydraulic problem can be handled adopting
steady-state conditions, closed-form solutions
for water continuity equations, numerical
solutions for water continuity equations under
isothermal condition or via thermo-hydraulic
approach models (to take into account properly
the soil-atmosphere interaction). Similarly,
for the mechanical problem, it is possible
to utilize empirical relations (for example in
order to relate pore pressure and slow move-
ments) or simplified models (infinite slope, limit
equilibrium methods).

The figure 3 shows the simulation chain archi-
tecture adopted in this research activity.
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Figure 3:
Simulation chain architecture.



Architectures and Tools to Analyse the Impact of Climate Cha nge on Hydrogeological Risk on Mediterranean Area

09

C
en

tro
E

ur
o-

M
ed

ite
rr

an
eo

pe
r

iC
am

bi
am

en
ti

C
lim

at
ic

i

MODELS AND TOOLS ADOPTED IN
THIS PROJECT

THE REGIONAL CLIMATE MODEL
COSMO CLM

At CMCC, the regional climate model COSMO-
CLM [49] is currently used to perform climate
simulations: it is the climate version of the
COSMO LM model [54], which is the opera-
tional non-hydrostatic mesoscale weather fore-
cast model developed initially by the German
Weather Service and then by the European
Consortium COSMO. Successively, the model
has been updated by the CLM-Community, in
order to develop also a version for climate ap-
plication (COSMO CLM). It can be used with a
spatial resolution between 1 and 50 km even if
the non hydrostatic formulation of the dynami-
cal equations in LM made it eligible especially
for the use at horizontal grid resolution lower
than 20 km [7]. These values of resolution
are usually close to those requested by the im-
pact modellers; in fact these resolutions allow
to describe the terrain orography better than the
global models, where there is an over- and un-
derestimation of valley and mountain heights,
leading to errors in precipitation estimation, as
this is closely related to terrain height. More-
over the non-hydrostatic modelling provides a
good description of the convective phenom-
ena, which are generated by vertical movement
(through transport and turbulent mixing) of the
properties of the fluid as energy (heat), water
vapour and momentum. Convection can re-
distribute significant amounts of moisture, heat
and mass on small temporal and spatial scales.
Furthermore convection can cause severe pre-
cipitation events (as thunderstorm or cluster of
thunderstorms). Another advantage related to
the usage of COSMO CLM, with respect to
other climate regional models available, is that
the continuous development of LM allows im-
provements in the code that are also adopted

in the climate version, ensuring that the cen-
tral code is continuously update. The mathe-
matical formulation of COSMO-CLM is made
up of the Navier-Stokes equations for a com-
pressible flow. The atmosphere is treated as a
multicomponent fluid (made up of dry air, wa-
ter vapour, liquid and solid water) for which the
perfect gas equation holds, and subject to the
gravity and to the Coriolis forces. The model
includes several parameterizations, in order to
keep into account, at least in a statistical man-
ner, several phenomena that take place on un-
resolved scales, but that have significant effects
on the meteorological interest scales (for exam-
ple, interaction with the orography). The main
features of the COSMO CLM simulation are:

nonhydrostatic, full compressible hydro-
thermodynamical equations in advection
form;

base state: hydrostatic, at rest;

prognostic variables: horizontal and verti-
cal Cartesian wind components, pressure
perturbation,temperature, specific humid-
ity, cloud water content. Optionally: cloud
ice content,turbulent kinetic energy, spe-
cific water content of rain, snow and grau-
pel;

coordinate system: generalized terrain-
following height coordinate with rotated
geographical coordinates and user de-
fined grid stretching in the vertical. Op-
tions for (i) base-state pressure based
height coordinate, (ii) Gal-Chen height co-
ordinate and (iii) exponential height coor-
dinate (SLEVE) according to Schar et al.
(2002) [50];

grid structure - Arakawa C-grid, Lorenz
vertical grid staggering;
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time integration: time splitting between
fast and slow modes (Leapfrog, Runge-
Kutta);

spatial discretization: 2◦ order accurate
Finite Difference technique;

parallelization: Domain Decomposition
(MPI as message passing S/W);

parameterizations:

{ Subgrid-Scale Turbulence;

{ Surface Layer Parameterization;

{ Grid-Scale Clouds and Precipitation;

{ Subgrid-Scale Clouds;

{ Moist Convection;

{ Shallow Convection;

{ Radiation;

{ Soil Model;

{ Terrain and Surface Data.
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MOS DOWNSCALING FOR
HYDROLOGICAL APPLICATION

INTRODUCTION TO MOS
DOWNSCALING

Turco et al. (2011) [60] tested the perfor-
mance of a MOS implementation of the popular
analog methodology applied to calibrate RCM-
precipitation outputs over Spain (hereafter re-
ferred to as “MOS analog”). The MOS ana-

log method improves the representation of the
mean regimes, the annual cycle, the frequency
and the extremes of precipitation for all RCMs,
regardless of the region and the model relia-
bility (including relatively low-performing mod-
els), while preserving the daily accuracy. In this
project we want to implement this methodology
in northern Italy, with a special emphasis on the
analysis of its applicability in a modelling chain
to study the impact of climate change on hydrol-
ogy. This section is organized as follow: firstly
the MOS methodology is briefly described, then
the methodologies to verify the simulations are
presented and, finally, the expected results are
discussed.

METHODOLOGY

MOS BASED ON ANALOGS. A detailed
analysis of the MOS analogmethod is reported
in Turco et al. (2011) [60]. Here it has been
reported a summary for the reader’s conve-
nience. The analog method is based on the hy-
pothesis that “analogue” weather patterns (pre-
dictors) should cause “analogue” local effects
(predictands). This leads to a simple algorithm
to infer the local occurrence associated with a
given predictor (atmospheric pattern) based on
the historical occurrences of a set of analog
days (with closest predictors). This is simply
done by considering the historical local occur-
rences corresponding to the atmospheric pat-
terns closest/analog to the target predictor. Fig-

ure 4 illustrates this relatively simple method. It
basically consists in two steps. For the day A
in a future or in a test period:

1. the closest historical predictor B (the ana-
log) considering the Euclidean distance
between the two raw predictor fields (ac-
cording to Matulla et al. (2008) [38] this is
a reasonable first choice among the stan-
dard measures of similarity) is found,

2. then, the local precipitation observed, b,
correspondent to the analog day B, is
used as the downscaled precipitation of
the day A (i.e. a=b).

Then these steps are repeated for each days
to downscaled. Note that it is also possible
consider larger number of analogs, but a single
analog has the advantage to maintain the spa-
tial coherence of the observed field. Besides,
a test on a larger number of analogs were also
conducted, but a single analog exhibited the
best performance. For these reasons in this
work we will consider a single analog for each
day to downscaled.

As in Turco et al. (2011) [60], we will firstly
consider the ERA40-driven RCM simulation in
order to limit the influence of the quality of
the GCM boundary condition in the calibra-
tion/verification step. Note that the application
of this method to downscale future RCM sce-
narios (driven by GCMs simulations) is techni-
cally straightforward, since the analog search
would consist in matching the future RCM pre-
dictor patterns and the closest historical pattern
from the reanalysis-driven RCM control sim-
ulations. Besides, Turco et al. (in prepara-
tion) show the applicability of the “MOS analog”
method to downscale the ENSEMBLES tran-
sient RCM simulations (i.e. the GCM-driven
RCMs).
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Analog MethodAnalog Method

B A

Predictor(s)

b b

Predictand

b a=b

Predictand

Historical database Future or testHistorical database Future or test 

period

Figure 4:
Schematic illustration of the analog method (adapted from Fernandez and Saenz (2003) [20])

VERIFICATION MEASURES. Firstly,
since the main limitation of the statistical
downscaling methods is that related to the
stationarity problem, we will apply the test of
robustness proposed by Gutierrez et al. (sub-
mitted). This test consists in comparing the
biases of the downscaled outputs in ”random”
and ”extreme” (e.g. the wettest or driest years)
sub-periods.

Secondly, since the objectives are to improve
and to downscale the COSMO-CLM output in
a hydrological context, we will focus on some
important characteristics for hydrological appli-
cations:

1. spatial coherence of the variables,

2. physical consistency between the vari-
ables (e.g. between temperature and pre-
cipitation),

3. temporal dependence of spatial pattern
(e.g. autocorrelation).

The first point is satisfied since each simu-
lated day is an actual day from the database of

observations. Consequently the MOS analog
method maintains the spatial coherence. The
other two points need to be carefully studied.
Regarding the physical consistency between
the variables, a possible comparison measure
is to calculate some climate variables in which
both temperature and precipitation play a role,
as for example the days with snow or the
”precipitation minus evaporation” climatology.
Other property (3) very important (and difficult
to achieve) is related to the temporal depen-
dence of spatial pattern, i.e. the dependence
between the patterns of successive days. To
verity it we plan to estimate the autocorrelation
of the temperature and some specific index for
the precipitation, as for example, p00, that is, the
probability of no precipitation, given no precip-
itation the previous day (and also p11, p10 and
p01).

EXPECTED RESULTS.

The overall objective of this work is to develop
regional scenarios for temperature and precip-
itation at daily scale by means of a statistical
downscaling method, useful as input fields of a
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hydrological model. The overall objective leads
to three specific aims:

1. the analysis of some aspects (e.g. auto-
correlation) of the observed precipitation
and temperature variability in the North-
ern Italy,

2. the implementation/improvement of the
“MOS analog” method for hydrological ap-
plication,

3. as a by-product, the evaluation of the
RCM outputs.
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FLOODS AND DROUGHTS
SIMULATION MODELS

HYDROLOGICAL AND HYDRAULIC
MODELS IN PO FLOOD EARLY
WARNING SYSTEM (PO-FEWS)

The Po-FEWS is a sophisticated system en-
vironment designed for embedding an opera-
tional flood forecasting system. The philoso-
phy of the system is to provide an open shell
system for managing the forecasting process.
This shell incorporates a comprehensive library
of general data handling utilities, allowing a
wide range of forecasting models to be inte-
grated in the system through a published open
interface. Po-FEWS constitutes a Multi-Model
system (MUMO), in which forecasts for sub-
basins of the Po and the Po river are performed
with three different parallel model chains. Each
chain consists of a hydrological model simu-
lating the response of the basins and a river
routing model for flood wave propagation. The
implemented models are: NAM, HEC-HMS
and TOPKAPI for the hydrological models, cou-
pled with the hydrodynamic models MIKE11,
HEC-RAS, SOBEK, PAB respectively. More-
over, users can configure an additional chain
to simulate particular cases like dam breaks,
levee breaks, and morphological changes on
the river during the flood event [10]. Figure 5
presents the modeling system. To simulate the
hydrological response of the basins the rainfall-
runoff models consider the topography, quan-
tity and intensity of precipitation, soil satura-
tion, soil properties and land use. To simulate
the flood wave propagation the hydrodynamic
models consider the river sections geometry,
position, and eventually presence of bridges
or other structures and their geometry, river
roughness and flow-height relationship (rating
curve).

To process the uncertainty of the results (pre-

dictive uncertainty) a Multivariate Conditional
Processor is implemented in FEWS. The Multi-
variate Conditional Processor is a probabilistic
approach to uncertainty and can be built con-
sidering probability distribution function of hy-
drometric observations conditioned from hydro-
metric forecast. The Multivariate Conditional
Processor combines observations with one or
more models’ forecast in a multi-Normal space,
by transforming observations and model fore-
casts in a multivariate Normal space through
the Normal Quantile Transform [55]. This
method allows to account for the uncertainty
due to model (input forcing, initial and boundary
conditions, parameters) and provides an esti-
mate of the probability of occurrence of forecast
based on the available information.

HYDROLOGICAL MODELS

The hydrological component is simulated
through physically based models of surface
runoff, subsurface flow, evapotranspiration,
flow discharge. The simulation is performed
in each chain by one of the following models:
HEC-HMS, NAM and TOPKAPI.

THE HEC-HMS MODULE HEC-HMS (Hy-
drologic Modeling System - Hydrologic Engi-
neering Center) is a public domain software
developed by the US Army Corps of Engi-
neers available on www.hec.usace.army.

mil/software/hec-hms/ . HEC-HMS con-
verts precipitation excess over a watershed to
overland flow and channel runoff. Hydrological
elements are connected in a denditric network
to simulate runoff process, while interception,
evaporation and infiltration processes can be
represented with mathematical models, more
of one is generally available for representing
each flux, see figure 6. The HEC-HMS outputs
are hydrographs ready to be use for studies of
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Figure 5:
Scheme of Po flood forecasting system [10]

water availability, flow forecasting, flood dam-
age reduction, floodplain regulation, etc. [61].

THE NAM MODULE The rainfall-runoff
model (NAM) is a proprietary software devel-
oped by Danish Hydraulic Institute in Denmark.
NAM is a watershed lumped-parameter model
based on a conceptual representation of the
land phase of the hydrological cycle. The hy-
drological model simulates the rainfall-runoff
process occurring at the catchment scale, see
figure 7. The minimal meteorological inputs
requested are precipitation, potential evapo-
transpiration, temperature and radiation time
series. The knowledge of temperature and
radiation time series is important for simulat-
ing snow accumulation and snow melting pro-
cesses. On the basis of meteorological inputs
the model provides time series of catchment
runoff, subsurface flow contribution to the chan-
nels, soil moisture content and ground water
recharge. The catchment runoff is divided into

three flow components: overland, interflow and
baseflow. The rainfall-runoff processes is sim-
ulated by varying the water content into four
interrelated storages (snow, surface, lower/root
zone, ground water) each of them representing
a physical process [63].

THE TOPKAPI MODULE TOPKAPI (TO-
Pographic Kinematic APproximation and In-
tegration) is a physically based distributed
rainfall-runoff model. The TOPKAPI model
couples the kinematic approach with the to-
pography of the catchment and transfers the
rainfall-runoff processes into three ’structurally-
similar’ zero-dimensional non-linear reservoir
equations. The non-linear reservoir equations
derive from the integration in space of the non-
linear kinematic wave model: the first repre-
sents the drainage in the soil, the second rep-
resents the overland flow on saturated or impe-
rious soils and the third represents the chan-
nel flow. The integration of the fundamental
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Figure 6:
Conceptual scheme of the continuous soil moisture

account in HEC-HMS [61].

equations is performed for each of the cells
discrediting the basin. The TOPKAPI model
is structured around five modules that repre-
sent: evapotranspiration, snowmelt, soil water,
surface water and channel water components
respectively, figure 8. The soil water compo-
nent is affected by subsurface flow (or interflow)
in a horizontal direction defined as drainage;
drainage occurs in a surface soil layer, of lim-
ited thickness and with high hydraulic conduc-
tivity due to its macroporosity. The drainage
directly contributes to the flow in the drainage
network and is a factor regulating the soil water
balance, particularly in activating the overland
flow process. The soil water component reg-
ulates the functioning of the contributing sat-
urated areas, that regulates the surface water

component. The evapotranspiration is taken
into account as water loss, subtracted from the
soil’s water balance [57].

THE HYDRAULIC MODELS

The hydraulic component is simulated through
physically based models of flow discharge. The
simulation is performed in each chain by one
of the following models: HEC-RAS, MIKE 11,
SOBEK, and PAB.

THE HEC-RAS MODULE Hydrologic En-
gineering Centers River Analysis System
(HEC- RAS)) is a public domain software de-
veloped by the US Army Corps of Engineers
available on www. hec.usace.army.mil/

software/hec-ras/ . HEC-RAS allows to
perform one- dimensional steady and unsteady
flow river hydraulics calculations over a network
of natural and constructed channel, sediment
transport computation and water quality analy-
sis. The steady flow water surface profile com-
ponent models water level under subcritical, su-
percritical, and mixed flow river regime. The un-
steady flow component models storage areas
and hydraulics connections between storage
areas, it has been developed mainly for subcrit-
ical flows. The sediment transport component
models the one-dimensional sediment trans-
port/movable boundary resulting from scour
and deposition processes. The water quality
analysis component can perform analysis of
temperature and transport of some water qual-
ity constituents in riverine waters [62]. HEC-
RAS solves the mass conservation and mo-
mentum conservation equations with an implicit
linearized system of equations using Preiss-
man’s second order box scheme. In a cross
section, the overbank and channel are as-
sumed to have the same water surface, though
the overbank volume and conveyance are sep-
arate from the channel volume and conveyance
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Figure 7:
NAM model structure.

Figure 8:
Scheme of TOPKAPI
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in the implementation of the conservation of
mass and momentum equations. The state
variables for the numerical scheme are flow and
stage, which are computed and stored at each
cross section. Plots of flow and stage are avail-
able for selected cross sections at a user spec-
ified time interval. The hydraulic resistance is
based on the friction slope from the empirical
Manning’s equation, with several ways of mod-
ifying the roughness. Roughness can be char-
acterized with Manning’s coefficient or rough-
ness height’s.

THE MIKE 11 MODULE MIKE 11 is a
proprietary software developed by Danish Hy-
draulic Institute in Denmark. MIKE 11 is a
one dimensional river model, that simulates
flow and water level, water quality and sed-
iment transport in rivers, flood plains, irriga-
tion canals, reservoirs and other inland wa-
ter bodies. The software provides fully dy-
namic solution to the complete nonlinear Saint
Venant equations, diffusive wave approxima-
tion and kinematic wave approximation, Musk-
ingum method and Muskingum-Cunge method
for simplified channel routing. It is able to auto-
matically adapt to subcritical flow and supercrit-
ical flow and it can handle the presence of stan-
dard hydraulic structures such as weirs, cul-
verts, bridges, pumps, energy loss and sluice
gates. The water level and flow are calcu-
lated at each time step, by solving the continuity
equation and the momentum equation. The wa-
ter level is calculated at each cross section and
interpolated elsewhere. The flow is calculated
at points midway between neighboring water
level points and at structures. The hydraulic re-
sistance is based on the friction slope from the
empirical equation, Manning’s or Chezy. Water
levels at Po river section, simulated by MIKE
11, are post-processed using an ARMA model
of the 3rd order and the associated flow rates

are derived through the rating curve.

THE SOBEK MODULE SOBEK was de-
veloped by WL Delft Hydraulics in full partner-
ship with the Institute for Inland Water Man-
agement and Waste Water Treatment (RIZA) of
the Netherlands government. SOBEK is a one-
dimensional open-channel dynamic numerical
modeling system, capable of solving the equa-
tions that describe unsteady water flow, salt
intrusion, sediment transport, morphology and
water quality (DELTARES). The software car-
ries out one-dimensional hydraulic calculations
of an area that is schematized by a network of
open water channels. All calculated quantities
are cross section averaged values. A network
can consist of several branches with bifurca-
tions, cross sections can vary within a branch.

THE PAB MODULE Parabolic And Back-
water (PAB) is a method for solving gradually
varied flow equations. The method introduced
by Todini and Bossi (1986) [56] is based on
calculation of hydraulic jump profiles (calcula-
tion of the water levels from downstream to up-
stream in a slow current) and flow propagation
as an impulsive response of a parabolic type
(flow transfer from upstream to downstream).
The method has the advantage of being un-
conditionally stable.
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LANDSLIDES SIMULATION MODEL

The selected tools to comprehend the effects of
climate changes on the slope stability are two:
the first one, I-MOD3D is a regional model im-
plementing both the hydrological and geotech-
nical module; the second one, Vadose/W, is
a commercial code allowing to carry out slope
scale analysis; through this code, it is possible
to investigate only the hydrological slope be-
haviour ; the pore water pressures, represent-
ing one of the code outputs, are hence used to
estimate the slope stability conditions through,
considering the problem to analyze, experimen-
tal relations or widely used approaches (infinite
slope model, limit equilibrium approaches). I-
MOD 3D is a 3D home-made code developed
at the Geotecnical Laboratory of Second Uni-
versity of Naples [42]; [17]; [41]. The code is
built as a Visual Basic Application for ARC-GIS.
It can be considered consisting of two modules:
a hydrological model which estimates the slope
response to soil-atmosphere interaction essen-
tially in terms of soil water content and soil water
pressure and a geotechnical module which per-
forms stability analyses adopting the scheme of
the infinite slope.

HYDROLOGICAL MODULE

For what concern the hydrological module, the
code solves the Richards (1931) [47] equation
in numerical way through a 3D Volume Finite
approach. The equation regulates the water
flow within the unsaturated soil in transient con-
ditions under the assumptions of isothermal
condition and rigid soil skeleton; it can be ob-
tained imposing the principle of conservation
mass for an element of unsaturated soil (equa-
tion (1) in figure 9). For partially saturated soils,
the specific discharge term is described by the
D’Arcy-Buckingham law extension for unsatu-
rated soil of the D’Arcy Law (equation (2) in fig-
ure 9). The hydraulic conductivity represents

the constant of proportionality relating flow rate
to the hydraulic head gradient; it can be consid-
ered as constant for saturated soils (ks) while
it is a decreasing function of the water content
in unsaturated soils as, decreasing the pores
filled with water, the ability of the soil to con-
duct flow is diminished. It is worth remember-
ing that, for partially saturated soils, the soil
pores contain air and water, usually at pres-
sures different from each other. This is possi-
ble because they are separated by thin mem-
branes formed by water molecules, commonly
called menisci; they, being capable of support-
ing tensile stresses, allow the air pressure, ua

, (usually equal to atmospheric pressure uatm)
can be greater than the pressure water, uw. As,
for the hydro-mechanical issues, the two vari-
ables are involved through their difference, the
variables matrix suction s = ua − uw is widely
used . Moreover, in order to reduce the number
of variables, is introduced the relationship be-
tween θ and s also known as soil-water charac-
teristic curve; matrix suction increases as the
water content decreases; generally speaking,
it shows a typical S-shape in semilogarithmic
scale (see figure 10). A represents saturated
volumetric water content, B the residual vol-
umetric water content while C, known as air
bubble pressure value, is suction value beyond
which the medium begins to desaturate; the
point D is the inflection point. Experimentally,
it can be observed that this relationship is func-
tion, in the special way, of soil grain size and
water salt content; moreover, it shows an hys-
teretic behaviour depending on whether wet-
ting or drying paths are considered. For what
concern the soil-water characteristic curve, I-
MOD 3D, at the moment, adopts the formulation
of van Genuchten (1980) [65]; the approach
adopts three parameters taking into account
the suction at the inflection point (directly cor-
related to air bubble suction value), grain size
medium distribution and the non-symmetric be-
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Figure 9:
IMOD 3-D operating diagram

Figure 10:
A typical S-shape for soil-water characteristic curve
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haviour of the curve respect to the inflection
point. This relation is widely used in all soil
sciences because of its ability to effectively re-
produce, thanks to the three parameters, the
hydraulic soil behaviour. For what concern
the unsaturated permeability function, the code
adopts three formulations:

Brooks and Corey (1964) [9] particularly
suitable for coarse grained soils;

Gardner (1958) [24];

Arbhabhirama and Kridakorn (1968) [1].

The three approaches utilize two parameters:
the first one related to air bubble suction value
and the second one taking into account the next
descending trend of the function. Alternatively,
I-MOD 3D allows the user to enter own rela-
tionships found through field experimentation
and/or laboratory tests (as function of matrix
suction or volumetric water content). For sat-
urated soils, the equation (1) can be still used
assuming, in the positive pore-pressure region
for the volumetric water content variation, the
coefficient of monodimensional compressibility
instead of the slope of soil-water characteris-
tic curve; physically, it describes how much a
saturated soil volume shrinks or swell under a
unit variation of pore pressure. Obviously, the
resolution of PDE (1) requires the imposition of
boundary conditions. As upper boundary con-
dition, at the ground surface, can be imposed
a Dirichlet condition (established values of suc-
tion) or a Neumann condition (water inflow or
water outflow); in both cases they may be im-
posed as a function of time. Via these condi-
tions, a rainfall history can be easily used at the
ground surface; in the same way, the option of
imposing outgoing flows can allow to set values
of evaporation if known or predictable through
other tools. This can be of particular useful-
ness for soils characterized by low permeability

and/or high retention capacity; these properties
can make significant on the stability conditions
rainfall effects over a large meteorological win-
dow. Over this time span, the suction values
within the soil can be profoundly affected not
only by precipitation, even by the evaporative
flows. As lower condition, similarly, can be im-
posed suction values or water fluxes; through
these ones, can be simulated, for example, the
presence of a water table (suction equal to zero)
or of an impervious bedrock (water flux equal
to zero in the direction orthogonal to the bottom
layer).

GEOTECHNICAL MODULE

I-MOD 3D adopts the infinite slope model to
analyse the slope stability conditions. The in-
finite slope model for homogeneous layer bal-
ances the destabilizing forces of gravity and the
components of the resisting forces on a failure
plane parallel to the slope surface. By adopting
the Mohr-Coulomb failure criterion, the factor
of safety (FS) can be expressed by the relation
(3). Then, the link between hydrological and
geotechnical module is constituted by the wa-
ter pressure values. In the (3), in addition to the
terms (first and third in the numerator) usually
used for soils saturated, the second term takes
into account the effect of the suction on the
shear resistance. In fact, the presence of the
menisci, at the contact points between the soil
particles, produces an increase of the normal
stresses acting between the grains, and then a
further contrast to the sliding. Therefore the in-
crease in suction is responsible for an increase
of shear resistance. The parameter χ was pro-
posed by Bishop (1959) [8]; it is equal to 1 for
saturated soils, 0 for dry soils while, in inter-
mediate conditions, it is a function of soil water
content. Between the different approaches in
the literature for the estimation of χ, there are:

Khalili and Khabbaz (1998) [35]: Bishop
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parameter is assumed as function of suc-
tion;

Vanapalli and Fredlund (2000) [66]:
Bishop parameter is assumed equal to ef-
fective saturation degree;

Oberg and Sallfors (1997) [40]: Bishop
parameter is the ratio between actual and
saturated volumetric water content.

The major innovation of I-MOD is represented
by the numerical solution of equation (1). In
fact, all the other distributed physically based
models implement closed-form solutions to es-
timate soil water pressure distribution within the
soil. If, on the one hand, the numerical resolu-
tion require more computational resources lim-
iting the use of the code at the basin scale rather
than at the regional scale, on the other hand,
it allows to avoid the restrictive assumptions of
the closed form solutions about the preferential
directions of the water flows within the soil (e.g.
parallel to the slope or vertical), the effective
time window for the precipitations (both related,
primarily, to the soil type) and the boundary con-
ditions. Moreover, the numerical resolution of
equation (1) and the adoption of the relation-
ship (3) allows to consider, indistinctly, stability
conditions for saturated or partially saturated
soils. First attempts to develop a simulation
chain has been carried out in meteorological
field: in this case, the first step is constituted
by the COSMO-LM model (a mesoscale mete-
orological model); the second is a downscaling
module which is used to establish the bound-
ary conditions for the geotechnical module at
the basin scale; between the first two tools and
I-MOD-3D (the last step of the model chain)
there is an interface able to automatically de-
fine the soil domain to analyse starting from a
Digital Terrain Model, and to capture the fore-
casted rain from the downscaling module. The

attempts refer to the case-histories of Cerv-
inara and Nocera Inferiore, two cities located in
the Campania Region where the slopes, cov-
ered by pyroclastic soils, are affected, in the
last years, by frequent instability events. They
return satisfactory results. A last significant
remark concerns the pre- and postprocessor
phases already implemented in I-MOD 3D: two
examples are referred in figure 11 and figure
12.

Vadose/W code solves, via a numerical ap-
proach (finite element for spatial discretization,
finite differences for temporal integration), the
simultaneous equations governing the Wilson
(1990) model [70]. It allows to estimate, in
bidimensional conditions, pore water pressure,
pore vapour pressure and temperature within
the soil and so, to take into account, in a proper
way, the soil-atmosphere interaction (not only
in terms of infiltration, as for an isothermal ap-
proach, but also of evaporation). Indeed, if the
potential evaporation is, primarily, function of
the meteorological forcings (weakly related to
the soil conditions through the roughness and
albedo), the actual evaporation depends not
only on the above variables but also (mainly) on
soil water content/water pressure/vapour pres-
sure. The Wilson approach is based on an
extended version of the Penman equation, able
to take into account partial saturation soil con-
ditions. Evaporative flux, representing upper
boundary condition, is itself a function of the
variables within the soil (temperature, water
pressure, vapour pressure); thus, for its def-
inition, it needs to solve simultaneous equa-
tions forming the model. According to Wilson
(1990) [70] and Milly (1982) [39] approaches
, the first equation constitutes a generalized
version of the Richards equation modified to
consider phase changes, vapour diffusion, and
entire gas phase diffusion within the medium.
The second equation regulates heat transfer
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Figure 11:
Pre-processor phase: data input.

Figure 12:
Post processor phase:contour maps of safety factor FS.
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processes; it enables to estimate heat trans-
fers due to conductive, convective and phase
change dynamics. The budget between un-
knows and equations is closed by Edlefsen and
Anderson (1943) [19] relationship. To solve the
simultaneous equations, it is necessary to fea-
ture hydraulic and thermal soil behaviour. In
particular, for all involved soils, the first one
needs to define soil-water characteristic curve
and permeability function (see above) while
the second one requires to estimate volumet-
ric heat capacity (change of a unit volume’s
heat content under a variation of a degree) and
soil thermal conductivity (quantity of heat trans-
ferred through a unit area in a unit time per
unit change in temperature). In order to adopt
the Wilson-Penman approach (originally devel-
oped for bare soils) for vegetated surfaces, in
the code is implemented the Tratch (1996) [59]
approach. Following this, the vegetation contri-
bution to evapotranspiration processes is mod-
elled through Leaf Area Index (one-sided green
leaf area per unit ground surface area) regulat-
ing how energy is available for evaporation pro-
cesses from bare soils and how for transpiration
dynamics, root depth defining the soil layer in
which the plants can obtain the needed water
and plant moisture limiting function estimating,
in percentage terms, the decreasing ability of
plants to extract water from the soil as soil suc-
tion increases.
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SYSTEM VERIFICATION

This section describes the datasets used in this
activity and the test cases that will be devel-
oped to verify the proposed integrated system.
They only represent an initial inspection, which
will later be expanded to other regions of the
Mediterranean area.

OBSERVED DATASETS

To test the integrated system previously pre-
sented, given that the observed climatic data
may have important uncertainties, we want to
analyse different datasets.

ARPA Piemonte dataset.This is a gridded
high-resolution (0.125◦ x 0.125◦, approx-
imately 15 km x 15 km) dataset of ob-
served data of precipitation and tempera-
ture at daily scale, which is publicly avail-
able for research activities (see http:

//rsaonline.arpa.piemonte.it/

meteoclima50/index.htm ). This
dataset was produced using data from
quality-controlled stations from the ARPA
Piemonte Agency, covering the Piemonte
region, North-West of Italy over the
period 1957-2009.

Alpine precipitation dataset. The “Alpine
Precipitation Analyses from High-
Resolution Rain-Gauge Observations”
represent a comprehensive set of
mesoscale gridded daily precipitation
(in mm) for the period 1971-1998
with resolution of 0.25◦ x 0.17◦ (see
http://www.map.meteoswiss.ch/

map-doc/rr_clim.htm ). This dataset
was created by the Swiss Federal
Institute of Technology Zuerich (ETH)
and makes use of an unique dataset
of rain gauge observations from the
high-resolution networks of all Alpine

countries. These networks constitute one
of the densest meteorological observ-
ing systems over complex topography
world-wide (figure 13).

E-OBS gridded dataset. It is a European daily
high-resolution (0.25◦ x 0.25◦) gridded
data set (figure 14) for precipitation,
minimum, maximum, and mean surface
temperature and sea level pressure (see
http://eca.knmi.nl/download/

ensembles/ensembles.php ) for the
period 1950-2010. This dataset has been
designed to provide the best estimate
of grid box averages rather than point
values to enable direct comparison with
RCMs ([29]).

ARCIS. The project ARCIS (Climatological
Archive for Northern Italy) is currently
being carried out by the Regional
and Provincial Environmental Agencies
(ARPA and APPA) and by the Operational
Meteorological Centres of Civil Protection
Agencies of Northern Italy (see http://

www.arcis.it/E_index.shtm ). AR-
CIS objective is to build a data-base for
the daily climatological data of precipita-
tion and minimum and maximum temper-
ature for the period from 1961 to 2005 in
Northern Italy (figure 15). This dataset
will be used once it will be available.

ARPA Emilia Romagna dataset. ARPA Emilia
Romagna dataset for rainfall includes
more than 1000 raingauges (figure 16),
some of them starting from 1916. The
majority of data are available since 1951.
Dataset for minimum and maximum tem-
perature, instead, includes about 600
measurement stations (figure 17) with ob-
servations since 1987.
Finally, dataset for river water level/flow
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Figure 13:
The diagram depicts the station coverage of the “Alpine Precipitation Analyses from High-Resolution Rain-Gauge

Observations”.The distribution of stations is fairly balanced over the northern and western portions of the analysis domain, while the
coverage is less dense and less homogeneous for the southern region (northern Italy).

(a) Precipitation (b) Temperature

Figure 14:
The complete gridding region, showing the station network for (a) precipitation and (b) temperature of the E-OBS dataset.
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(a) Precipitation (b) Temperature

Figure 15:
Station network for (a) precipitation and (b) temperature of the ARCIS dataset.

Figure 16:
Location of available raingauges.
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Figure 17:
Location of the available temperature stations.

Figure 18:
Location of the available flow level station.



Architectures and Tools to Analyse the Impact of Climate Cha nge on Hydrogeological Risk on Mediterranean Area

29

C
en

tro
E

ur
o-

M
ed

ite
rr

an
eo

pe
r

iC
am

bi
am

en
ti

C
lim

at
ic

i

discharge includes about 250 measure-
ment stations (figure 18) with observa-
tions since 1923 for the Po river. For
the most of the stations data are avail-
able only for the last 10-15 years.
The data acquisition frequency is hourly
and the dataset is daily updated.

Datasets for landslides simulation model.The
available data for the three case histories
referred in are:

for Orvieto site, meteorological data
with daily resolution (minimum and
maximum temperature and rainfall
heights) have been measured by the
station of the State Hydrographic
Survey, the station has been working
continuously since 1920 except for
some stops in the 1940s and the late
1970s. Pore water pressure values
(through Casagrande type piezome-
ters) and displacements (through in-
clinometers) have been measuring
since 1982 in a monitoring station lo-
cated in the area involved in the 1900
Porta Cassia slide. In more recent
times, additional measurement sta-
tions were installed (2 in 1996 in the
same area of the 1900 Porta Cassia
slide and 4 in 1998 three in the slide
area and the fourth outside the slide
area). All the monitoring stations
are equipped with Casagrande-type
piezometers for pore water pres-
sure measurements in stiff clays and
clayey debris; four of them allow also
measurements within the softened
clay layer.

for Cervinara site, since 2002 the
slope involved in the 1999 flowslide
has been monitoring. Five ten-
siometer stations allow to measure

the negative water pressures at dif-
ferent depths within the soil pro-
file (top soil, intermediate and deep
layers of volcanic ashes) while a
tipping-bucket rain-gauge (sensitiv-
ity 0.2 mm) records the rainfall
heights with high temporal resolu-
tion.

for Fosso San Martino site, pub-
lished in situ data (Bertini et al.,
1984) regarding this landslide re-
fer to a 6-year monitoring period
(from 1980 to 1985); pore wa-
ter pressure values, measured by
elctropneumatic piezometric cells,
are available for 12 monitoring sta-
tions located in the area affected
by slow movements while six incli-
nometers stations return displace-
ments data. Therefore, an Hell-
man Type pluviometer (sensitivity
0.1 mm) recorded during the same
time span the rainfall depths.

CLIMATE SIMULATIONS

In the GEMINA wp 6.2.2 “high resolution cli-
mate simulations” different climate simulations
with COSMO CLM will be provided. The output
of these simulations will be the input for MOS
statistical downscaling and then for hydrogeo-
logical impact models. Within the wp 6.2.2. will
be generated:

new high-resolution climate scenarios for
the twenty-first century;

evaluation of the present climate;

characterization of the COSMO CLM sim-
ulation error.

As reported in the following table (figure 20), at
first, will be evaluated the climatic regimes for
the period 1971-2000 in two different areas:
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Mediterranean area (figure 21), with a
resolution of 14 km;

Italian area, with a resolution of 8 km, with
two different configuration: Italy (figure
22) and Italy part (figure 23).

Both simulations will use meteorological reanal-
ysis ERA40, provided by ECMWF, as global
forcing. Downstream the simulations of the
future climate, the twenty-first century, will be
carried out based on two different IPCC sce-
narios: RCP4.5 and RCP8.5. RCPs are Rep-
resentative Concentration Pathways and they
specify radiative forcing through the end of the
21st century. RCP4.5 is a stabilization scenario
where total radiative forcing is stabilized at 4.5
W/m2 before 2100. Under RCP8.5 scenario,
instead, radiative forcing is still increasing in
2100, and emissions are still high (see figure
19). Two different areas will be simulated:

Mediterranean area (with a resolution of
14 km) and

Italian area (with a resolution of 8 km).

These simulations are provided by the regional
climatological model COSMO-CLM. The initial
and boundary conditions to the regional model
will be provided by the global climate model
CMCC MED [4]; [51].

TEST CASES

CASE STUDY FOR FLOODS AND
DROUGHTS SIMULATION MODELS

The Po is the longest river in Italy with a length
of 652 km from its source in Cottian Alps (at
Pian del Re) to its mouth in the Adriatic Sea, in
the north of Ravenna and with an average dis-
charge of 1540 m3/s is the largest Italian river.
The Po river basin is the widest in Italy and

it covers an area of about 71000 km2 includ-
ing six regions: Lombardia, Piemonte, Liguria,
Emilia-Romagna, Veneto, Valle d’Aosta and the
autonomous province of Trento and about 3000
km2 in Switzerland and France, see figure 24.
In the context of the Italian Law 183/1989, the
Po basin is classified as being of national im-
portance. In terms of orography, it is possible to
identify the following areas: the ranges of the
Ligurian, Maritime, Cottian, Graian and Pen-
nine Alps encircling the basin to the west, the
Apennines to the south, the high plateau in-
cluding the morainal strip and the large fluvial
cones, and the plain itself. Mountains cover
about one half of the area. The Po tributaries
have different characteristics according to their
alpine or apennine origin. The alpine tributaries
regime is ruled by snow accumulation-melting
processes and are characterised by broadly
meandering courses over the low plains. The
apennine tributaries are mainly fed by rainfall.
The Po basin is affected by landslides and ero-
sive phenomena depending on local climate,
lithological and structural conditions. Over-
exploitation of the aquifers and the extraction
of gaseous hydrocarbons caused subsidence
phenomena in the inhabited area and the wa-
tercourses in the plain [10]. During the last
centuries, flooding events, due to extreme me-
teorological conditions, of the Po or of its tribu-
taries have caused numerous natural catastro-
phes, two of them, characterized by extraordi-
nary large scale, occurred in the last 10 years.
Simulations will be aimed to evaluate the ef-
fects of climate change on droughts frequency,
duration and severity; and on floods frequency
and peak. A set of simulations will be per-
formed feeding with the climate scenarios pro-
vided by RCM and MOS downscaling activities
the hydrological-hydraulic chains implemented
in FEWS. A comparison between floods and
droughts statistics from observed data (current
climate) and scenarios generated data (climate
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Figure 19:
Schematic illustration of radiative forcing scenarios.

change) will allow to qualify and quantify the cli-
mate change effects on flood and drought risks
with respect to the scenarios considered.

CASE STUDY FOR LANDSLIDES
SIMULATION MODEL

Three case studies are selected to evaluate the
climate changes effects on slope stability in the
Mediterranean area:

Orvieto located in Central Italy, Umbria Re-
gion, 105 km north of Rome [58]. The
slope extends over 600 metres with a
slope angle equal to about 12 degrees.
From the bottom to the soil surface, within
the slope, it is possible to recognize an in
situ formation of overconsolidated clays;
at depth, it is stiff and intact while, pro-
ceeding upwards, the material softens

and significant fissures appear. The clay
formation is overlain by a slide debris
cover. It is formed in the shallower part
by pyroclastic and clayey material while
the first component results absent in the
deepest part of the cover. The softened
clay shows a maximum depth of 23 m
while, for the debris cover, it is 17.5 m.
Three kinds of movements are identifi-
able: slow translational movements within
the softened clay layer; slope failures
characterized by progressive dynamics
due to man-made changes in slope ge-
ometry and hydrological system; very
slow (according the Cruden-Varnes clas-
sification) translational movements at the
contact between softened clay layer and
debris cover. The first and the third type of
slope movements appear strongly related
to the piezometric levels and hence to the
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(a)

(b)

Figure 20:
Scheduled climate simulations within GEMINA wp 6.2.2 (a) and characteristics of runs (b). The 20C3M scenario use historical

greenhouse gasses concentrations through the 20th century.

Figure 21:
Domain of simulations on Mediterranean area and orografy.
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Figure 22:
Domain of simulations on Italian area and orografy.

Figure 23:
Domain of simulation on Italian area (Italy part) and orografy.
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Figure 24:
Po river basin in FEWS

rainfalls regime (cumulated values over
the entire wet season, October-April).

Cervinara located in the South-Italy at north-
east of Naples [17]. The slope object of
analysis shows a maximum slope angle of
40◦; above a fractured limestone bedrock,
is recognizable a pyroclastic cover with
average thickness of about 2.4 m. Pro-
ceeding downwards, for what concern
the pyroclastic cover, the following lay-
ers are identifiable: top soil cover formed
by remoulded volcanic ashes (thickness
about 60 cm), an upper layer (20 cm)
of coarse pumices; a layer (100 cm) of
volcanic ashes; a lens (20 cm) of finer
pumices mixed with ash; a bottom layer
(40 cm) of weathered ash. On December
1999, in the area several rainfall-induced
landslides occurred; the movements were
characterized by very high velocities; dur-
ing the post failure one of these had a
post failure evolution in flowslide . For
the Cervinara pyroclastic soils, the high
saturated permeability values and the si-
multaneous condition of partial saturation

make significant, because a landslide is
triggered, recent and antecedent precipi-
tations; for similar soils, the effective me-
teorological window for antecedent con-
ditions was estimated equal to 4 months
[43].

Fosso san Martino located in the Central-Italy
in Abruzzo Region [6]. The drainage
basin of San Martino stream extends over
2.6 km2. For what concern the stratigra-
phy of the slopes forming the valley sides,
their soil profile can be reduced to 4 over-
lying layers; from bottom to the top, are
recognizable: an overconsolidated very
stiff saturated marly clay (clayey silt) form-
ing the bedrock, a weathered band of
the bedrock ( it appears heavily softened
and destructered in the upper area which
thickness is about 3 meters); an over-
consolidated (due to erosion processes)
clayey silty colluvial cover and a oxidized
and highly fissured thin crust character-
ized by very high hydraulic conductivity.
In this case, the instability phenomena
can be classified as very slow movements
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(cm/year); the colluvial cover moves a
rigid body while the displacements are
concentrated within the weathered clay
stratum. As for the Orvieto case-history,
the displacements result strictly related to
the piezometric levels; in turn, due to very
low hydraulic conductivity of the involved
soils, they are sensitive to cumulated rain-
falls values over the entire wet season.
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INTRODUCTION

This report is aimed to define the general ob-
jectives of GEMINA wp 6.2.17 “Analysis of the
hydrogeological risk related to climate change”
and to describe the work plan to achieve these
objectives. This document defines the archi-
tecture of the simulation system, the main fea-
tures of the tools adopted and the strategy for
the verification of the integrated system. The
main goal of the wp 6.2.17 is to provide an
evaluation, qualitative and quantitative, of the
hydrogeological risk in some typical contexts of
the Mediterranean area. In particular, the focus
will be on landslides, floods and droughts risks.
The research activity will also analyse the role
of the uncertainties of the complex relationship
between “climate change and hydrogeology” at
regional scale on risks evaluation.

MOTIVATION

The warming of the climate system in recent
decades is evident from observations showing
an increase in global average air and ocean
temperatures, a widespread melting of snow
and ice, and a global rising of sea level. Sev-
eral studies show that most of the observed
increase in global temperatures since the mid-
20th century is related to the observed in-
crease in anthropogenic greenhouse gas con-
centrations. This climate warming may cause
an intensification of the water cycle, which is
strongly dependent on the atmospheric tem-
perature, and may determine a change in many
components of the hydrological cycle such as:
precipitation patterns, intensity and extremes;
atmospheric water vapour; evapotranspiration;
soil moisture and runoff. However, it is diffi-
cult to identify long-term trends for the compo-
nents of hydrological systems as they are of-
ten masked by their significant natural variabil-
ity, on time-scales from interannual to decadal.
This variability, together with limitations in the

spatial and temporal coverage of monitoring
networks, can explain the current substantial
uncertainty in trends identification of hydrologi-
cal variables [3]. Many hydrological simulations
predict a change in the hydrological cycle, but
these projections are typically affected by sev-
eral sources of uncertainty, in fact, in addition
to the uncertainty of the considered hydrologi-
cal model, there is also the uncertainty related
to the fact that these models use, as input, the
results of climate simulations, which in turn are
characterized by a certain uncertainty. A further
problem is related to the different spatial scales
of climate models and hydrological models. A
number of methods have been used to handle
these scale differences, ranging from the sim-
ple interpolation of climate model results to dy-
namic or statistical downscaling methods, but
all these methods introduce other uncertainties
into the projections [3]. This work is aimed to
evaluate variations in the hydrogeological risks
(in particular floods and landslides) due to cli-
mate change and the main goal of this research
activity is to correctly model the link between
hydrological and climate models. In particular
the focus will be on the Mediterranean area.
In this region, according to Christensen et al.
(2007) [14], annual mean temperatures will rise
more than the global average and the warm-
ing is likely to be largest in summer (figure 1).
Moreover, in the Mediterranean area the ma-
jority of the models foresee summers charac-
terised by an increase, in frequency, of extreme
daily precipitation despite a decrease in aver-
age precipitation. Thus this tendency can lead
to longer dry periods, increasing the risks of
droughts, interrupted by extreme intense pre-
cipitation, enhancing the risk of floods [3]. This
scenario of hydrologic and climatic variability
is also associated with an increase in the vul-
nerability of the territory. This increased envi-
ronmental vulnerability is mainly related to an-
thropogenic effects and is caused by exces-


