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SUMMARY This document is aimed to show the main results of climate
projections, under two RCPs, at 2100 obtained in WP A.2.6 “High-resolution
climate scenarios” on the geo-hydrological hotspots identified within WP
A.2.17 "Analysis of geo-hydrological risk related to climate change" of
GEMINA project. The main goal of WP A.2.17 is the analysis of the effect of
climate changes on occurrence and magnitude of landslides, floods and low
flows hazards on some specific contexts of the Mediterranean area. To
reach this objective, climate data at the same horizontal resolution (<10 km)
of impacts model are required. Within GEMINA project, the generation of
high-resolution climate scenarios is one of the aims of WP A.2.6. Thus, in
this research paper, the projected climate changes obtained in WP A.2.6
coupling the GCM CMCC-CM with the RCM COSMO-CLM under RCP4.5
and RCP8.5 scenarios are discussed on the following test case areas
identified in WP A.2.17: Po river basin, Cervinara and Orvieto sites. Some
details on validation of the climate model on the same areas are also given.

Keywords: Climate scenarios, RCM, GCM, high resolution, landslides, flood,
droughts, Po river basin
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1. INTRODUCTION AND MOTIVATION

In the last years, the evaluation of the potential
effect of climate changes on geo-hydrological
hazards became exceptionally debated.

The availability of long time series of weather
variables and derived parameters regulating
the hazards has sometimes allowed estimating
on going variations and their significance [33];
however, for the future period such assessment
takes even greater relevance conveying land
planning options or, in general, adaptation poli-
cies.

To this aim, the general framework reckons on
weather variables provided by climate models
adopted as input for the specific impact tools; in
such contexts, as is well known, GCMs (Global
Climate Models) allowing to evaluate at global
scale the response to emission scenarios of the
climate system, are characterized by horizontal
and vertical resolutions compromising a proper
assessment at scale needed for impact studies
requiring the adoption of downscaling (statisti-
cal or dynamical) approaches.

Statistical approaches, preferred for their lim-
ited required computational and time effort,
are however based on crucial (strong) as-
sumption according which feedback mecha-
nisms between local and global weather pat-
tern, today recognizable, could be suitable
also for the future under the effect of climate
change; conversely, dynamical downscaling
approaches demand huge computational ef-
forts but, as physically based numerical mod-
els directly nested for specific region on GCM,
do not need to state, under steady-state con-
ditions, relationships between global and local
weather patterns.

For example, for Greece characterized by cli-
mate features and orographic complexity com-
parable to Italian one, [44] show how an im-
proved representation of morphology induce a

substantial enhancement in reproducing pre-
cipitation pattern and, at the same time, entails
a strong variation in climate signal detected,
on the area, by driving GCM. Gao et al. [16]
for South-Eastern Asia, assume that the im-
provements could be not only due to a better
representation of orography but also to more
consistent physical parametrizations employed
in RCMs.

However, as showed in [38, 39, 45, 51], a fur-
ther mismatch but achieved horizontal reso-
lutions in RCMs and the usual scale investi-
gated in impact studies subsists; moreover, the
validation phase on control period reveal how
RCM resolutions and resulting necessary phys-
ical parametrizations usually induce errors in
proper assessment, for example, of cumulative
values of precipitation or wet days preventing
the direct use of weather variables provided by
RCMs as input for impact tools. For overcoming
such issue, usually RCM outputs are subjected
to statistical approaches, known as bias correc-
tion methods able to correct, at least, the errors
associated to mean value (i.e. delta change
approach) if not, potentially, those associated
to all main statistical moments (i.e. quantile
mapping approaches).

It worth noting that the key prerequisite, re-
quired to bias correction approaches, regard
their attempt to correct only that are recog-
nized as ”systematic errors” not affecting the
climate signals, physically estimated, by cli-
mate models; for these reasons, beyond the
possible ”quantitative” misrepresentation of cli-
mate models, trends and statistical significance
revealed by RCMs should be fully preserved
also after bias-correction; however, a large de-
bate about the adoption of bias correction ap-
proaches, their constraints and advantages,
arise in last years [12, 26] but although their
“statistical” features produce issues similar to
those detected for statistical downscaling ap-
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proaches, their adoption in impact analysis, on
the short term, is almost unanimously acknowl-
edged.

Such findings has led ISC research division,
within GEMINA project, to develop the simula-
tion framework widely explained in [49] consist-
ing of GCM (CMCC-CM [35]), RCM (COSMO-
CLM [37]), different bias correction approaches
depending on investigated impact and its extent
and finally, specific impact tools.

So, the aim of this research paper is to display
the evolutions and trends of the main weather
variables provided by numerical climate mod-
els (GCM/RCM) under two RCPs until for the
three selected hot-spots deputed, within WP
A.2.17 of GEMINA project, as pilot case studies
for investigating the potential effect of climate
change on geo-hydrological hazards: namely, i)
Po river basin for which the assessment of vari-
ations, potentially induced by climate change
in discharges and then in occurrence of “ex-
treme tails” of it, droughts and floods events,
has been carrying out; ii) Orvieto and iii) Cerv-
inara where, instead, at the slope scale, the
assessment of variations respectively in mag-
nitude of slope reaccelerations and occurrence
of flowslide triggering have been performing. In
such context, the target variables assumed reg-
ulating geo-hydrological hazards (namely, dis-
charge for Po river basin and soil water pres-
sures for landslide case studies), could be as-
sumed main function of the soil surface balance
for which precipitation and temperature play a
significant role, the first controlling the ingoing
fluxes, the latter as proxy variable of evapotran-
spiration (outgoing fluxes).

In the following, first a brief review on climate
modelling chain (Section 2) and case studies
(Section 3) is carried out; after, for the three
cases (Sections 4 and 5), the most mean-
ingful results concerning the trends of precip-
itation and temperature estimated by climate

models for XXI century (under RCP4.5 and
RCP8.5 concentration scenarios) are reported;
because of the great difference in the extent,
the physical dynamics and control variables of
the investigated geo-hydrological hazards, dif-
ferent features of weather patterns are taken
into account and different results displaying are
preferred for Po river basin (flood/low flow haz-
ard) and Cervinara and Orvieto (landslide haz-
ard); however, for each case study, the main
findings about validation phases are first briefly
recalled and after, according to the aim of this
research paper, the displaying of outputs for
XXI century is addressed. Those presented
here, are only some of the analysis performed
on the climate simulations results, e.g. ETCCDI
indices [29] and Taylor diagrams [53] are pro-
duced for validation purposes on Po river basin;
the probability distribution of annual maximum
precipitation at 1 and 120 days are studied to
support the landslides hazards assessment un-
der climate change [32, 51, 31] for Cervinara
test cases.

The high-resolution climate simulations anal-
ysed here are generated within the framework
of WP A.2.6 ”High-resolution climate scenar-
ios” of GEMINA project aimed to study the evo-
lution of climate and the variability of extreme
phenomena on the entire Italian territory, Fig.1.
Among the climate phenomena of interest we
cite, for precipitation: changes in annual max-
imum precipitation at different temporal scales
or duration of dry period; for temperature: fre-
quency and duration of heat waves.

2. CLIMATE MODEL

2.1 REPRESENTATIVE
CONCENTRATION PATHWAYS: RCP4.5
AND RCP8.5

Climate projections are the results of numerical
simulations performed by climate models driven
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Figure 1:
COSMO-CLM domain and orography for the

configuration with horizontal resolution of 8 km

by scenarios hypothesizing, on the basis of
different socio-economic assumptions, various
concentration pathways for greenhouses gases
and pollutants. The most commonly used sce-
narios are RCP4.5 and RCP8.5. The RCP4.5
is a stabilization scenario where the radiative
forcing will assess at about 4.5 W/m2 before
2100, while RCP8.5 is a more extreme sce-
nario where radiative forcing will increase up to
8.5 W/m2 in 2100 compared to pre-industrial
era [27]. Such scenarios are used to drive
global climate models, that are characterised
by a coarse horizontal resolution that makes
their outputs not suitable for application in geo-
hydrological studies. Thus GCMs outputs are
dynamically downscaled by regional climate
models obtaining climate variables at higher
horizontal resolution comparable with the one
requested by geo-hydrological impact models.

2.2 GLOBAL CLIMATE MODEL:
CMCC-CM

The global climate model CMCC-CM is a
coupled atmosphere-ocean general circulation
model, which has been implemented and devel-
oped in the framework of the European project
CIRCE [18]: the atmospheric model compo-
nent is ECHAM5 [34] with a T159 horizon-

tal resolution (0.75◦), while the global ocean
component is OPA 8.2, in its ORCA2 global
configuration, at a horizontal resolution of 2◦.
ORCA2 also includes the Louvain-La-Neuve
(LIM) model for the dynamics and thermody-
namics of sea-ice. A performance assessment
of CMCC-CM in simulating the observed Sea
Surface Temperature and precipitation is re-
ported in [35], while a comparison with other
state-of-art GCMs available in the fifth phase
of the Coupled Model Intercomparison Project
(CMIP5) is presented in different other works
e.g. [13].

2.3 REGIONAL CLIMATE MODEL:
COSMO-CLM

A detailed description of the regional climate
model COSMO-CLM and is reported in [49,
28]. COSMO-CLM is the climate version of
COSMO-LM weather model [37], developed by
the CLM Community. It is a high resolution
(less than 50 km) non-hydrostatic RCM able
to explicitly capture small scale severe weather
events and an improved representation of sub-
grid scale physical processes, such as clouds,
aerosols, orography, land and vegetation prop-
erties. It has been already used in the frame-
work of several European projects, such as
PRUDENCE [8] and CORDEX [17], highlight-
ing its good capability in reproducing the mean
climate features of the areas under study, with
a similar range of accuracy with respect to the
other RCMs adopted. More details concern-
ing the description of the main characteristics
of COSMO-CLM and the configuration used
to perform the simulations presented in this
work are reported in [50, 29]. Climate simula-
tions have been carried out at 0.0715◦ (about 8
km) of horizontal resolution using as initial and
boundary conditions: (a) ERA Interim Reanal-
ysis [11] over the 1981-2010 period, character-
ized by a horizontal resolution of about 0.70◦,
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about 79 km, to assess the performances of
the regional climate model when driven by “per-
fect” boundary conditions; (b) the global climate
model CMCC-CM (0.75◦, about 85 km) to as-
sess the uncertainties of the GCM/RCM couple
before use it to climate change studies,in this
case the simulation period covers 1971-2005,
an extension to 2010 of the simulation is ob-
tained forcing the GCM with the RCP4.5 sce-
nario.

Numerical simulations over the whole Italian
domain are performed on a cluster of 30 IBM
P575 nodes, installed at CMCC (Italy); each
node has 32 Power6 (4.7 GHz) cores, amount-
ing to a total of 960 cores and an aggregate
peak power of 18 TFlops. The elapsed time
to simulate one climatological year using 512
cores is about 24 hours.

3. TEST CASES

3.1 ORVIETO AND CERVINARA

The test cases sites of Cervinara (Southern
Italy) and Orvieto (Central Italy), Fig.2, are of
interest to investigate the impacts of climate
change on different types of landslides phe-
nomena. Orvieto is an historical town located
100 km North to Rome. It rises on top of a
50 m thick tuff slab delimited by subvertical lat-
eral cliffs overlying overconsolidated clays. In
the deeper part, these are stiff and intact, but
the shallowest part of the deposit is jointed and
fissured. The clayey slopes are blanketed by
an irregular cover of talus and slide debris [32].
Since prehistoric times, failures and slow move-
ments have been affected the Orvieto slopes :
the two historically failures events (Porta Cas-
sia, on northern slope, 1900 and Cannicella, on
southern slope, 1979) were induced by man-
made changes to slope geometry or hydraulic
conditions; ongoing slow movements (transla-
tional) are directly related to soil-atmosphere

interaction. Deep movements occur along pre-
existing slip surfaces located within the soft-
ened part of clay formation (displacement rates
from 2 to 6 mm/years ) while, shallow move-
ments, superimposed to the deep ones, in-
volve the debris cover and show higher dis-
placement rate (displacements between 7 and
12 mm/month) [42].

Cervinara slope is located 50 km North-East to
Naples; on December, 16, 1999, it has been
affected by a rapid flowslide triggered by a total
precipitation of 320 mm in about 50 h, causing
huge damage and five casualties in surround-
ing areas. In the area, highly fractured calcare-
ous mountains are maintained by loose unsat-
urated pyroclastic covers hardly thicker than 2-
3 m. These morphological configurations are
widespread in the Campania Region, as re-
sult of the activity of some volcanoes including
Somma-Vesuvius.

3.2 PO RIVER BASIN

Po river 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 it is the largest
Italian river with an average discharge of 1540
m3/s. The area covered by Po river basin is
about 71000 km2 in Italy and about about 3000
km2 in Switzerland and France. The orogra-
phy of the basin is quite complex since it is
bounded by Alps, Apennines with the Po val-
ley between them, Fig.3. In the context of the
Italian Law 183/1989, the Po river basin is clas-
sified as being of national relevance. During
the last centuries, flooding events, due to ex-
treme meteorological conditions, of the Po river
or of its tributaries have caused numerous natu-
ral catastrophes, two of them, characterized by
extraordinary large scale, occurred in the last
10 years, [48] and signal of changes in precip-
itation and temperature are present in climate
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Figure 2:
a) geographical location of the two case-histories; b) Orvieto slope; c) Cervinara landslide

Figure 3:
Po basin: hydrological network and main closure sections
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observations [43, 9, 40]. Climate data anal-
ysis show, on Po river basin, an increase in
annual maximum precipitation with a trend of
about 0.5◦C/decade since 1960. The signal
is detectable in all the seasons [43], in par-
ticular, in Summer where maximum tempera-
ture are higher than the reference climate [40].
Change in precipitation, since 1980, are less
evident than those in temperature, in average,
there the precipitation event are more intense
but less frequent, as results the annual total
precipitation is reduced of 20%. At seasonal
scale, the highest reduction rate are found in
Spring and Summer (up to 50%) while autum-
nal precipitation are almost unvaried; in Win-
ter, snowfalls reduces as well [40]. [9] analyse
time series of daily cumulated precipitation and
of daily minimum and maximum temperatures
in the period 1952-2002 from Piemonte and in
the Valle d’Aosta regions (north-western Italy)
finding a significant increase of about 1◦C on
average temperatures, in particular, for maxi-
mum daily temperatures in winter and summer
months; while for precipitation any significant
trend is identified.

4. CLIMATE PROJECTIONS FOR
ORVIETO AND CERVINARA TEST
CASES

For the landslide case studies, Orvieto and
Cervinara, the trends concerning the main fea-
tures of temperature and precipitation, for XXI
century under RCP4.5 and RCP8.5 scenarios,
are presented; in particular, firstly, a compre-
hensive characterization of seasonal weather
patterns is carried out displaying: the evolution
of seasonal cumulative rainfall values for the
control period 1981-2100 and, through Mann-
Kendall test, evaluation of statistical signifi-
cance of trends estimated through Thiel-Sen
approach (see Appendix); in the same way,
trends and statistical significance are computed

for seasonal maximum and minimum tempera-
ture. In addition, for 1981-2010 and three future
projection periods: 2021-2050, 2041-2070 and
2071-2100 are shown: (i) mean monthly cumu-
lative values; (ii) wet days (daily rainfall>1 mm);
(iii) mean monthly maximum daily precipitation;
(iv) mean monthly rainfall value for event; (v)
mean monthly maximum and minimum temper-
ature, moreover, the climate signal, computed
as ratio for rainfall and difference for tempera-
ture, is reported.

Finally, the trend of proxy variables that more
specifically influence the slope stability for the
two case studies are considered. The refer-
ence variables for slow (very slow movements)
affecting clayey slopes of Orvieto are: maxi-
mum yearly precipitation values cumulated over
30 and 60 days (of particular interest, for shal-
low movements in debris covers) and over 120
and 180 days (associated to deep movements
in clayey formations); for flowslide triggering
in pyroclastic covers, Cervinara case, back-
analysis of case histories [30, 14] in similar geo-
morphological contexts have recognized as sig-
nificant the effect of a main precipitation event
on 1-2d scale coupled to antecedent precipita-
tions on time span directly linked to hydraulic
behaviour of pyroclastic cover and slope fea-
tures, i.e. pyroclastic mantle thickness or slope
angle: thus the proxy variables considered for
trend analysis are: maximum yearly 2 days pre-
cipitation, cumulative values over 30 and 60
days, and the trends in cumulative value of rain-
fall over 58 days before the 2d for which the
maximum 2d rainfall value is estimated for every
year. For each variable, trend slopes detected
by Thiel-Sen approach and statistical signifi-
cance through Mann-Kendall approach are also
computed.

At the beginning, for completeness, on the con-
trol period 1981-2010, for both test cases, the
performances of climate models in terms of (i),
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(ii), (iii) and (iv) indicators are compared with
observed data to briefly recall which are the
skills of adopted climate modelling in reproduc-
ing observed weather patterns on investigated
areas; however, a wider discussion about such
issue is reported in [32, 33, 31].

4.1 SUMMARY OF PERFORMANCES
OF CLIMATE MODELS ON CONTROL
PERIOD

Figure 4 reports observed (black lines) and sim-
ulated (red lines) values of cumulative monthly
rainfall (first row), monthly wet days (sec-
ond row), monthly maximum daily precipitation
(third row) and monthly average maximum and
minimum temperature (forth row) on the con-
trol period 1981-2010 for both Orvieto (left col-
umn) and Cervinara (right column) case stud-
ies. First of all, two remarks are relevant: for
allowing the comparison between climate con-
ditions, on current period, between the two case
studies, the trends are reported adopting the
same intervals; and, since both Orvieto and
Cervinara cases are essentially investigated at
point scale (represented by the investigated
slopes) while the effective resolution of climate
models can be assumed about equal to 3-7∆x
the nominal resolution, in this case about 8 km,
according the weather variable of interest and
the specific features of used RCM [36, 3, 21].
For Orvieto, an assessment on the effective res-
olution (respectively equal to 3-, 5- and 7-times
the nominal resolution) is shown in Fig.4(a) find-
ing very slight variations in performances both
in terms of precipitation that of temperature as
function of the resolution, thus, for all the further
elaborations shown in the following only the in-
termediate value 5∆x of effective resolution is
displayed.

Coming back to the analysis of performances of
climate models, concerning Orvieto, seasonal
cumulative values show an annual cycle char-

acterized by two peaks the first one located in
late winter season and the second one, more
prominent, during the Autumn; the climate sim-
ulation is able to properly reproduce the first
one while larger underestimations are returned
during the Autumn and the entire dry season
(Fig.4(a)); as displayed, in wet days, Fig.4(c),
although the cumulative values are well repro-
duced during the first part of the year, they are
the result of an excessive number of estimated
wet days while, in the second part, a better cor-
respondence is returned but in the face of the
above shown substantial underestimation. Re-
garding monthly average maximum daily pre-
cipitation, Fig.4(e), observed values return sea-
sonal patterns similar to those shown for cumu-
lative values but also, in this case, climate sim-
ulations partially fail to reproduce the autumnal
peak estimating values about equal to 20 mm/d
vs 35 mm/d observed during the wet season
and lower than 10 mm vs about 20 mm/d from
observations in the dry season. Finally, for tem-
perature Fig.4(g), observed values provide the
usual annual cycle detected in Mediterranean
area with winter values ranging between 1◦C
and 10◦C and summer ones in the interval 15-
30◦C; however, climate simulation show very
different performances for maximum (where bi-
ases are about equal to 3◦C during the entire
year) and minimum temperature (with biases
often lower than 1◦C); such difference could
be partly due to various current weaknesses of
climate simulations to properly reproduce tem-
perature dynamics during the daytime [6, 7].
For what concern Cervinara case study, despite
its position (300 km south of Orvieto), its loca-
tion on Apennines of Campania Region entails
rainfall amounts substantially higher than those
recorded for Orvieto town; again, a seasonal
pattern with two peaks is detected but, for this
one, the rainfall heights during late Winter and
Autumn reach respectively, on average, values
higher than 150 mm/month and 250 mm/month,
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Fig.4(b). In this respect, climate simulation fails
to properly reproduce cumulative values with
highly lower rainfall heights (maximum values
about equal to 100 mm/month); despite this sig-
nificant underestimation (which affects in com-
parable way also the daily maximum precipita-
tion values), an higher number of wet days is
estimated during the first part of the year while
the subsequent underestimation is however di-
rectly associated to strong underestimation of
cumulative values, Fig.4(d) and (f). Finally, con-
cerning temperature trends, the foregoing con-
siderations about Orvieto case can be verba-
tim reiterated, Fig.4(h). Therefore, in general
terms, the performances of climate simulation
for landslide hot spots substantially follow the
average results on the entire Italian domain
[6, 7]; in the same way, the main recognizable
weaknesses are essentially associated to gen-
eralized underestimation of cumulative values
and maximum daily precipitation but with a con-
current overestimation of wet days; in term of
temperature values, climate simulations show
very high skills in reproducing minimum tem-
perature values while higher biases affect max-
imum temperature evolutions.

4.2 CLIMATE SCENARIOS FOR
ORVIETO CASE STUDY

In order to frame, in broad terms, the expected
variations in key variables, precipitation and
temperature, while taking into account the dif-
ferences in the seasonal dynamics, in Fig.5
the trends of seasonal cumulative precipitations
covering 1981-2100 period under both RCP4.5
and RCP8.5 concentration scenarios are dis-
played (trend lines, evaluated through Theil-
Sen method, and indication about statistical
significance, assessed through Mann-Kendall
approach, are also marked); while, for seasonal
temperature, the trend slope and the indication
of statistical significance are reported in Tab.1.

In term of precipitation, a sharp difference in be-
haviour is revealed between fundamentally dry
(MAM and JJA) and wet (SON and DJF) sea-
sons; the first ones display a substantial reduc-
tion particularly marked for the summer season
(statistical significant at 0.1% for both RCPs)
and for the spring season under RCP8.5 sce-
nario (statistical significant at 1%) while, for the
second ones, values remain almost unchanged
(DJF under RCP4.5) or characterized by not
significant increase (i.e. DJF under RCP8.5
and SON under RCP4.5) or slight decrease
(SON under RCP8.5). In term of temperature,
the trends are instead completely unambigu-
ous: for all seasons and under both RCPs an
increase, statistical significant at 0.1%, is as-
sessed for minimum and maximum tempera-
ture; under RCP8.5, the increases attain 7-
8◦C/century in summer season while they re-
main, on average, at 4-5◦C in other seasons;
under the intermediate RCP4.5, the increase
stands instead, averagely, on 3◦C.

Moreover, in Fig.6, on monthly scale, for con-
trol period 1981-2010 (for which 2006-2010
RCP4.5 is adopted) and 2021-2050, 2041-
2070 and 2071-2100 projection periods, the
variations in different features of precipitation
patterns (and associated climate signals) are
investigated. In this regard, the strong assump-
tion according which the deficiencies of the cli-
mate model simulations affect, in the same way,
the projections regardless of the considered pe-
riod or the influence of radiative forcing, allows
to consider reliable the absolute signal climate
detected between two different simulated peri-
ods. The cumulative values show roughly what
seen in Fig.5; decreases in dry seasons re-
sult main function of time horizon and “sever-
ity” of RCP scenarios (attaining reduction un-
til 80% for 2071-2100) while, during the wet
season, the increases generally do not exceed
20%; against these cumulative values, reduc-
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Figure 4:
Orvieto case study: a) monthly cumulative values observed (black line) and simulated by climate models adopting an effective

resolution equal to 3∆x (red dashed line), 5∆x (red continuous line), 7∆x (red line with filled red dots); c) wet days for observed
and simulated values; e) monthly maximum daily precipitation for observed and simulated values; g) maximum and minimum

temperature for observed and simulated values. Cervinara case study: b) monthly cumulative values observed (black line) and
simulated by climate models adopting an effective resolution equal 5∆x (red continuous line); d) wet days for observed and

simulated values; f) monthly maximum daily precipitation for observed and simulated values; h) maximum and minimum
temperature for observed and simulated values

Table 1
Orvieto case study slopes of trend lines detected, through Theil-Sen approach, in evolutions of seasonal maximum and minimum

temperature for RCP4.5 (upper part) and RCP8.5 (bottom part); statistical significance, assessed through Mann-Kendall approach,
is also reported (+ at 10%, * at 5%, ** at 1%, *** at 0.1%)

Max T2m Min T2m
Statistical significance ◦C/year Statistical significance ◦C/year

RCP4.5 DJF *** 0.02 *** 0.03
MAM *** 0.03 *** 0.03
JJA *** 0.04 *** 0.04
SON *** 0.03 *** 0.03

RCP8.5 DJF *** 0.05 *** 0.05
MAM *** 0.05 *** 0.04
JJA *** 0.08 *** 0.07
SON *** 0.06 *** 0.05
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Figure 5:

Orvieto case study: trends of seasonal precipitation on time periods 1981-2100 for RCP4.5 (left column) and RCP8.5 (right
column)scenarios; are also reported trend line estimated through Theil-Sen and indications about statistical significance (+ at 10%,

* at 5%, **at 1%, *** at 0.1%) estimated through Mann-Kendall approach
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tions (with rare exceptions) of rainy days gener-
alized are estimated during the entire year. The
coupled effect of the two behaviours is there-
fore revealed in Fig.6(d) where, on monthly
scale, average precipitation heights for event
are shown (trivially given as the ratio between
the two previous quantities): of course, an in-
crease in climate signal is returned for months
characterized by an increase in cumulative val-
ues; however, also in other periods during the
year where a reduction of total values is es-
timated, the amount for event is expected in-
creasing (average growing about equal to 20-
30%) or, at least, nearly steady. In this regard,
the summer season under the RCP8.5 scenario
constitutes an exception due to the reduction
in cumulative values so substantial to repre-
sent, probably, the main reason of reduction
in wet days. However, concerning maximum
daily precipitations, the main displayed trends
are confirmed; the increase in maximum val-
ues during the wet season, exceed 30% during
the Autumn while lower in late Winter; how-
ever, during dry season, again a reduction is
estimated; in this regard, however, it is well re-
calling also the weaknesses of the current re-
gional climate models in reproducing convec-
tive dynamics essentially governing precipita-
tion events during the dry season partially af-
fecting the shown trends.

Displayed results are quite consistent with
those found by other studies on the Mediter-
ranean area (i.e. PRUDENCE and ENSEM-
BLE project); in the specific, the atmospheric
warming especially tends to affect the precip-
itation patterns (dry days and precipitation for
event) because of higher atmospheric moisture
retention capacity; in term of precipitation val-
ues, at the same time, soil moisture depletion
induced by warming during the dry season, en-
tail a sharp reduction of precipitation amounts
mainly under the RCP8.5 scenario.

The last issue deals, in greater detail, the trend
of “proxy” variables that, through the back anal-
ysis of the slope movements and field monitor-
ing [42, 41, 5], have been assumed as directly
related to the movements of the landslide bod-
ies: in Fig.7, for both RCPs, are then displayed
the trends on 1981-2100 period of maximum
yearly value of cumulative precipitations on 30,
60, 120 and 180 days.

Indeed, the low permeability characterizing the
soils in situ (10−7 m/s for debris cover until 10−9

m/s for intact deep clays) induce a “time lag”
between rainfall events and the arrival of the
corresponding infiltrated rate at the soil depth
in which the sliding surfaces arise; the increase
of water content, producing the growth of water
pressures, induce a reduction of frictional resis-
tances and then the potential reacceleration of
landslide bodies; moreover, the temporal shift
is main function of soil depth and inversely pro-
portional to permeability of involved soils; then,
the cumulative values on 30 and 60 days are
essentially correlated to shallower movements
while 120 and 180 days to the deepest ones.
However, considering for each year as proxy
variable only the maximum value could provide
a generic information on possible occurrence
of the movements but not about their duration.
In Fig.7, for both RCPs and for the four refer-
ence time span, the trends show an increase
but only for the shorter durations it is assumed
statistical significant (at 5% for RCP4.5 and 1%
for RCP8.5). This findings might suggest an al-
most invariance of the existing rate movement
for deep landslide bodies and a presumable
worsening of slope stability conditions for shal-
lower movements; on the other hand, on such
reference time periods, also the effect of evap-
oration removing water from the soil before it
arrives in depth could play a remarkable role in
the special way, investigating future scenarios,
characterized as shown in Tab.1, by a strong ex-
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Figure 6:
Orvieto case study: bottom part: values on 1981-2010 (red line), 2021-2050 (blue line), 2041-2070 (green line), 2071-2100 (orange
line); upper part: associated climatic signal: 2021-2050 vs 1981-2010 (blue line), 2041-2070 (green line), 2071-2100 (orange line)

for mean cumulative precipitation values (a), wet days (b), mean monthly maximum precipitation value (c), mean monthly
precipitation for event (d), average monthly maximum and minimum temperature (e)
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Figure 7:
For Orvieto case study: trends on time periods 1981-2100 for RCP4.5 (left column) and RCP8.5 (right column)scenarios of: (a) and

(b) maximum yearly precipitation value over 180 days; (c) and (d) maximum yearly precipitation value over 120 days; (e) and (f)
maximum yearly precipitation value over 60 days; (g) and (h) maximum yearly precipitation value over 30 days
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pected increase in the temperature values. For
these reasons, more refined analysis (through,
for example, physically-based models adopted
in [31]) are required to better understand if cli-
mate changes could affect in different ways
shallow and deep movements (as conceivable
from Fig.7) or the increase of temperature could
be such to induce a substantial soil moisture
depletion and subsequent improvements of av-
erage slope stability conditions.

4.3 CLIMATE SCENARIOS FOR
CERVINARA CASE STUDY

The framework carried out for the other case
study, constituted by flowslides affecting Cerv-
inara (Avellino, Southern Italy), is fully similar
to that, above described, for slow movements
of Orvieto. Also in this case, Fig.8, under
both RCPs, a dramatic decrease in cumula-
tive values is estimated during the dry season
(statistically significant for Summer and Spring
at 0.01% under RCP8.5 and at 1% for Sum-
mer under RCP4.5); for winter season, for the
two scenarios, remarkable variations in cumu-
lative values are not assessed while, finally, for
Spring season, the behaviour substantially dif-
fer with the “stabilization” scenario (RCP4.5) re-
turning a slight (not significant) increase and
the more “extreme” RCP8.5, confirming, also,
in this case a significant (at 5%) decrease in
cumulative values.

Against these differences, the projections about
the temperature, Tab.2, are totally in agree-
ment in estimating a substantial increase in
minimum and maximum temperatures (statis-
tically significant at 0.1% for all seasons and
both RCPs); the magnitude of such increases
is roughly equivalent to that estimated for Orvi-
eto (Central Italy).

Refining the representation showing the data,
for the 30 years periods considered, on monthly

scale, Fig.9, a further confirmation of these
results through the ratio defining the climatic
signal between future and current time inter-
vals constantly below the unit value (with re-
ductions attaining 60% in dry seasons under
RCP8.5); the coupled effect of decreases of
cumulative values and increase in atmospheric
moisture retention capacity (induced by warm-
ing) strongly affect the number of wet days, es-
timated decreasing, with rare exceptions, for
all reference future time spans, Fig.9(b). Also
in this case, the combined effect of evolu-
tions of monthly cumulative values and wet
days is assessed through average “Precipita-
tion for Event” index, Fig.9(d); for this one,
under RCP4.5, the climatic signal, for all the
time intervals, is kept almost unchanged in the
first part of the year (approximately Winter and
Spring) while it is evaluated experiencing in-
creases up to 30% in late Summer and Au-
tumn partially proving that in such periods, the
effect of increased atmospheric retention ca-
pacity could play a greater role compared to
reduction in cumulative values in reduction of
wet days; as regards the RCP8.5 scenario, the
trend seems more fluctuating but mainly for the
period 2071-2100, the decrease in cumulative
values could regulate the estimated future pre-
cipitation patterns. Finally, concerning average
values of maximum daily precipitation, under
RCP4.5 scenario, for a large part of the year,
increases attaining, on average, 30% are esti-
mated while for RCP8.5, the high reduction in
total amounts involve a reduction also in aver-
age maximum values, mainly in dry seasons,
while in wet seasons increases up, on aver-
age, 20% are estimated mainly for farther 2071-
2100. In this regard, it is worth remembering,
however, again the possible weaknesses of the
climate modelling in reproducing convective dy-
namics, especially significant, in the warmer
seasons. With slight differences between maxi-
mum and minimum values, also climate signals
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Figure 8:
for Cervinara case study; trends of seasonal precipitation on time periods 1981-2100 for RCP4.5 (left column) and RCP8.5 (right

column)scenarios; are also reported trend line estimated through Theil-Sen and indications about statistical significance (+ at 10%,
* at 5%, ** at 1%, *** at 0.1%) estimated through Mann-Kendall approach

Table 2
For Cervinara case study slopes of trend lines detected, through Theil-Sen approach, in evolutions of seasonal maximum and

minimum temperature for RCP4.5 (upper part) and RCP8.5 (bottom part); statistical significance, assessed through Mann-Kendall
approach, is also reported (+ at 10%, * at 5%, ** at 1%, *** at 0.1%)

Max T2m Min T2m
Statistical significance ◦C/year Statistical significance ◦C/year

RCP4.5 DJF *** 0.03 *** 0.03
MAM *** 0.03 *** 0.03
JJA *** 0.04 *** 0.03
SON *** 0.03 *** 0.03

RCP8.5 DJF *** 0.05 *** 0.05
MAM *** 0.05 *** 0.04
JJA *** 0.08 *** 0.06
SON *** 0.06 *** 0.05
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provided for temperature increases, are sub-
stantially equivalent to that detected for Orvieto.

Finally, the last part of discussion is aimed to
discuss the trends estimated for those variables
that can be assumed as “proxy” in triggering
of flowslide events in Cervinara area. Accord-
ing what is above recalled, trends of maximum
yearly values of cumulative precipitation on 30
and 60 days (1981-2100) are assumed to be
relevant to assess the tendencies in poten-
tial “antecedent precipitation” while maximum
yearly precipitation on 2 days is considered as
reference for “main” triggering event, Fig.10.

Moreover, as, for flowslides in pyroclastic soils,
the trigger is regulated by concomitant pres-
ence of a particularly wet period followed by
an intense precipitation event, in order to as-
sess future trends only of the main events
in the periods of potential interest, also the
trends in the maximum yearly precipitation val-
ues on 2 days occurring only during wet sea-
son, October-March, and the corresponding
antecedent precipitation on 58 days are consid-
ered. For what concern the trends on 30 and 60
days, slight increases (almost unchanging and
not statistically significant) are evaluated under
both RCPs while, for the main event on 2 days,
a more remarkable increase is assessed both
considering the entire year that the only wet
seasons; moreover, for RCP4.5 scenario, it is
associated to a significant increase (although at
10%) of the corresponding antecedent precipi-
tations on 58 days. Under the strong assump-
tion of assuming all the others factors, currently,
governing the phenomena as steady, such find-
ings might suggest a not-negligible worsening
of average slope stability conditions resulting
in a possible increase in the number of oc-
currences of flowslides events. On the other
hand, this preliminary estimate, mostly qual-
itative, carried out in “isothermal conditions”,
neglects the potential beneficial effect of the in-

creased evapotranspiration on the slope stabil-
ity; for these reasons, also in this case, clearer
indications about the possible trends require
the adoption of more physically based tools al-
lowing, for example, to estimate soil surface wa-
ter balances and the linked variations in soil
suction regulating the triggering of landslide
events.
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Figure 9:
Cervinara case study: bottom part: values on 1981-2010 (red line), 2021-2050 (blue line), 2041-2070 (green line), 2071-2100
(orange line); upper part: associated climatic signal: 2021-2050 vs 1981-2010 (blue line), 2041-2070 (green line), 2071-2100
(orange line) for mean cumulative precipitation values (a), wet days (b), mean monthly maximum precipitation value (c), mean

monthly precipitation for event (d), average monthly maximum and minimum temperature (e)
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Figure 10:
for Cervinara case study: trends on time periods 1981-2100 for RCP4.5 (left column) and RCP8.5 (right column) scenarios of: (a)

and (b) maximum yearly precipitation value over 58 days before the corresponding maximum 2 days event simulated in wet season;
(c) and (d) maximum yearly precipitation value over 2 days simulated in wet season; (e) and (f) maximum yearly precipitation value

over 2 days considering the entire year; (g) and (h) maximum yearly precipitation value over 60 days; (i) and (l) maximum yearly
precipitation value over 30 days
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5. CLIMATE PROJECTIONS FOR PO
RIVER BASIN TEST CASE

For the flood and drought case study area,
i.e. Po river basin, the main features of tem-
perature and precipitation, for XXI century un-
der RCP4.5 and RCP8.5, are investigated in
terms of anomalies with respect to the control
period 1982-2011 of seasonal weather pattern
and of annual cycle; moreover trend and dis-
tribution probability are analysed at seasonal
scale. The statistical significance of trends is
tested using Mann-Kendall test. The capabil-
ity of the GCM/RCM couple to reproduce the
observed climate in terms of seasonal patterns
and annual cycle is presented before discuss
the climate projections. Differently to landslide
phenomena, to deal with floods/droughts phe-
nomena on Po river daily precipitation and tem-
perature data are sufficient due to the basin ex-
tension, in a smaller basin the study of floods
will require sub-daily time series.

5.1 SUMMARY OF PERFORMANCES
OF CLIMATE MODELS ON CONTROL
PERIOD

This section presents the validation of the
climate outputs, precipitation and 2 meter
mean temperature, simulated by COSMO-CLM
driven by ERA-Interim reanalysis [11] and by
the GCM CMCC-CM [35] with respect to a
gridded climate dataset provided by the Hydro-
Meteo-Climate Service of the Regional Agency
for Prevention and Environment (ARPA SIMC)
of the Emilia-Romagna Region. The dataset is
based on the meteorological data published in
the Hydrological Yearbooks and integrated with
observations, validated and quality checked,
collected by the stations network in Po river
catchment. The interpolation method used to
generate the dataset is the inverse of the dis-
tance; for temperature the orographic effect is

considered using a fixed gradient. The pre-
cipitation data span from 1971 to 2010 and
those of temperature cover the period 1990-
2010 due to the low density of the tempera-
ture measurements network before 1990. The
validation period is 1991-2010, Fig.11, alterna-
tively, the validation over a 30 year long pe-
riod of the RCM outputs both driven by cli-
mate reanalysis and by the GCM, is avail-
able in [6, 7]. Figure 11 shows the sea-
sonal bias maps of COSMO-CLM driven by
ERA-Interim Reanalysis and CMCC-CM global
model against observations. Concerning tem-
perature (Fig.11(a)), ERA-Interim driven simu-
lation shows a very good agreement with the
observations in Spring and Autumn, with a bias
close to 0◦C in most of the domain under study.
In Winter, a general cold bias is registered (with
peaks of -3◦C), probably ascribed to an un-
derestimation of the real orography, whereas
in Summer a general temperature overestima-
tion occurs (with the exception of the Alpine
arc). The summer warm bias can be caused by
a tendency of COSMO-CLM to underestimate
latent heat fluxes (with a consequent overesti-
mation of sensible heat fluxes) [2], along with
an underestimation of cloud cover. It is worth
noting that a general tendency of RCMs to un-
derestimate winter temperature, in particular
over mountainous chains and Alps, e.g. [10],
and overestimate the summer ones, e.g. [4],
especially in semi-arid regions and south Eu-
rope is reported in literature. However, with re-
spect to other studies at coarser resolution, the
bias found in this work is lower, highlighting the
role of the horizontal resolution [29]: for exam-
ple, some RCMs driven by ERA-Interim reanal-
ysis involved in EURO-CORDEX project [23]
at horizontal resolution of 0.11◦ exhibit even -
5◦C of difference with respect to observations
in Winter, whereas in Summer, overestimation
over Italian domain generally ranges between
+2 and +3◦C. The CMCC-CM driven simulation



21

C
en

tr
o

E
ur

o-
M

ed
ite

rr
an

eo
su

iC
am

bi
am

en
ti

C
lim

at
ic

i

Figure 11:
Bias of (a) 2-meter mean temperature (◦C) and (b) precipitation (%) of ERA-Interim/COSMO-CLM and CMCC-CM/COSMO-CLM

simulations for all the seasons

Table 3
Average value of 2 meter mean temperature (◦C) and precipitation (mm/day) of observation (OBS) and synthetic errors (BIAS,

MAE, RMSE) of the same fields from COSMO-CLM driven by ERA-Interim and CMCC-CM with respect to observation for the four
seasons.

T2m (◦C) P (mm/day)
ERA-Interim/ CMCC-CM/ OBS ERA-Interim/ CMCC-CM/ OBS

Season Index COSMO-CLM COSMO-CLM COSMO-CLM COSMO-CLM COSMO-CLM COSMO-CLM
Average 0.14 -0.63 1.02 2.08 2.89 1.97

DJF BIAS -0.89 -166 - 0.10 0.91 -
MAE 0.91 2.30 - 0.39 1.79 -
RMSE 1.01 2.85 - 0.50 2.13 -
Average 9.12 6.86 9.51 3.42 4.53 2.86

MAM BIAS -0.38 -2.64 - 0.56 1.67 -
MAE 0.49 2.82 - 0.68 2.28 -
RMSE 0.63 3.30 - 0.89 2.79 -
Average 19.82 17.51 19.13 2.72 2.86 2.58

JJA BIAS 0.69 -1.62 - 0.14 0.27 -
MAE 0.81 2.10 - 0.66 1.39 -
RMSE 0.98 2.50 - 0.89 1.87 -
Average 9.96 8.92 10.12 3.31 3.07 4.13

SON BIAS -0.16 -1.20 - -0.82 -1.06 -
MAE 0.50 1.87 - 1.02 2.29 -
RMSE 0.59 2.30 - 1.40 3.02 -



22

C
en

tr
o

E
ur

o-
M

ed
ite

rr
an

eo
su

iC
am

bi
am

en
ti

C
lim

at
ic

i

CMCC Research Papers

is affected by a general cold bias in all sea-
sons (higher than the simulation driven by "per-
fect" boundary conditions), more pronounced
in Spring, where peaks of -5◦C are reached; it
is partially due to the general tendency of the
Atmosphere-Ocean General Circulation Mod-
els to underestimate the temperature [24]; in
particular, [18] has verified that CMCC-CM is
generally affected by a cold bias up to -2◦C
over the Mediterranean area. For precipita-
tion, Fig.11(b), both simulations are affected
by an overestimation over Alps. It is more
evident in Spring, when the simulation forced
by CMCC-CM shows the highest bias. Over
the plain area, instead, an underestimation oc-
curs, stronger in Autumn. The error occurring
over mountainous areas has already been re-
ported in other works, e.g. [19], and it can be
caused by the joint underestimation of the oro-
graphic effects joint and of precipitations, the
latter caused by the hydrometeor deflection due
to wind, that lead to an undercatchment of the
observed rainfall [1, 15]. Table 3 reports the
values of three objective quantities for perfor-
mance evaluation, namely BIAS (Model minus
Observation), MAE (Mean Absolute Error) and
RMSE (Centered Root Mean Square Error);
they have been computed for both ERA-Interim
and CMCC-CM driven climate simulations spa-
tially averaged over the whole Po river basin.

BIAS =
1

N

N∑
i=1

(Si −Oi) (1)

MAE =
1

N

N∑
i=1

|(Si −Oi)| (2)

RMSE =

√√√√ 1

N

N∑
i=1

(Si −Oi)2 (3)

where N is the size of the sample, Si and Oi

are, respectively, simulated and observed value
at the i-th time step. The index BIAS provides
estimate of the average error, but it is affected

by a possible error compensations, whereas
MAE and RMSE yield the average magnitude
error without indicating the direction of the devi-
ation (in addition, the latter tends to emphasize
large errors than smaller ones). Results show
a very good agreement between ERA-Interim
forced simulation and observations, both for
2 meter mean temperature and precipitation
(mean BIAS never exceeds 1◦C and 1 mm/day
in absolute value). Spring and Autumn are
characterized by the lowest T2m BIAS (-0.38◦C
and -0.16◦C, respectively), but they are charac-
terized by the highest precipitation error, with
a general Spring overestimation and Autumn
underestimation (however smaller than 40%).
CMCC-CM driven simulation is characterized
by a more pronounced error, in all seasons
and for both the variables under study. BIAS
is higher than 100% in winter season, both for
temperature and precipitation; that is strongly
overestimated also in Spring (more than 1.67
mm/day on average).

5.2 CLIMATE PROJECTIONS

In the next section, we present the out-
puts of the climate projections at 2021-2050,
2041-2070 and 2071-2100 under RCP4.5 and
RCP8.5 scenarios on Po river basin. For each
period, the estimated precipitation and temper-
ature are illustrated in terms of spatial and tem-
poral anomalies with respect to 1982-2011, and
in terms of trends and probability distribution
functions (pdfs). The statistical significance of
(linear) trend has been tested through the non
parametric Mann-Kendall test.

Period 2021-2050 The first period under anal-
ysis is 2021-2050 and within this period, the
RCP4.5 and RCP8.5 scenarios agree in pro-
jecting a decrease in summer precipitations, (-
20% and -15%, respectively) and an increase in
the autumnal ones (+2.1% and +8.2%, respec-
tively), in particular, along the main channel
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of Po river (Fig.12(a)). Under the stabilization
scenario RCP4.5, in Winter, the precipitation
reduces of about 8.4% mostly on the north-
eastern side of basin, while, under RCP8.5,
it increases of about 7.4%. In Spring, under
RCP4.5 scenario the simulated precipitation is
lower than in the control period (-11%) and
it is almost unvaried (-1.1%) considering the
RCP8.5 projection. Temperature are increas-
ing under both scenarios over the entire basin,
considering RCP4.5 emissions, the tempera-
ture anomaly ranges between 0.9◦C (in Winter)
and 1.7◦C (in Summer), and it varies between
1.3◦C (Spring and Autumn) and 1.7◦C (in Win-
ter) under RCP8.5, Fig.12(b).

Figure 13 shows the anomaly in monthly pre-
cipitation (a) and 2 meter mean precipitation
(b). For precipitation, Fig.13(a), the two scenar-
ios are in agreement, monthly anomalies range
between -32% in July and +18% in November
(RCP4.5) or between -47% in July and +26%
in December, if RCP8.5 emissions are con-
sidered. The shape of the monthly tempera-
ture anomaly, Fig.13(b), is similar under both
emission scenarios but the magnitude is dif-
ferent, 0.7-3.1◦C for RCP4.5 and 2.3-4.9◦C for
RCP8.5.

In 2021-2050, RCP4.5 and RCP8.5 climate
projections show a substantial agreement in
seasonal trends and variability of average pre-
cipitation and 2 meter mean temperature as
shown in Fig.14. According to Mann-Kendall
test, any of the seasonal precipitation trend is
statistically significant at 5%, while, for tem-
perature, the linear trend hypothesis is not
rejected in Summer (Autumn) under RCP4.5
(RCP8.5) scenario. With more details, in Win-
ter, RCP4.5 and RCP8.5 precipitations are
characterised by slopes close to zero (0.01
and -0.003 mm/day/year, respectively) both
higher than the one of the control period (-0.02
mm/day/year); in Spring, the slopes are posi-

tive: 0.03 and 0.02 mm/day/year, respectively
versus 0.01 mm/day/year of the control period;
in Summer, a negative tendency is found (-0.03
and -0.02 mm/day/year, respectively) compa-
rable with the one (-0.03 mm/day/year) of the
control period; and, in Autumn, the trend is pos-
itive (0.01 mm/day/year) for RCP4.5 projections
and negative (-0.02 mm/day/year) according to
RCP8.5 scenarios, in the control period the au-
tumnal trend is positive (0.02 mm/day/year).
For temperatures, both simulations in all sea-
sons show positive trends; in particular, in Win-
ter, RCP4.5 trend is higher than RCP8.5 one
(0.04 vs 0.02◦C/year) but lower than in the
control period (0.05◦C/year); the same con-
siderations hold for Spring with trends equal
to 0.05◦C/year (control period); 0.02 (RCP4.5)
and 0.002◦C/year (RCP8.5). In Summer, the
temperature growth rate of RCP4.5 simula-
tion (0.07◦C/year) is comparable with the one
of the control period (0.06◦C/year) and higher
than RCP8.5 one (0.02◦C/year); in Autumn,
RCP8.5 simulation is characterised by a slope
(0.05◦C/year) comparable with the control pe-
riod (0.05◦C/year) and while RCP4.5 simulation
slope (0.02◦C/year) is lower.

The seasonal pdfs of precipitation and 2 me-
ter mean temperature are reported in Fig.15.
In Winter, the probability of null precipitation
(P ≤ 1 mm/day) is almost unvaried with re-
spect to 1982-2011 period, while low precipi-
tation rate show a slight increase in their fre-
quency; for temperature a shift of about 1◦C,
toward right, in the modal value is evidenced
under both scenarios, that show a different vari-
ability: between -15◦C and 9◦C (RCP4.5) and
between -12◦C and 9◦C (RCP8.5); the vari-
ability in the control period is -15◦C to 8◦C. In
Spring, the probability of P ≤ 1 mm/day is in-
creasing, while the pdf of P > 1 mm/day is sub-
stantially unvaried, also the pdf of temperature
is almost constant. In Summer, the null precip-
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Figure 12:
Anomaly of (a) precipitation (%) and (b) 2-meter mean temperature (◦C) of CMCC-CM/COSMO-CLM simulations under RCP4.5

and RCP8.5 scenarios in the 2021-2050 period with respect to 1982-2011.

Figure 13:
Monthly anomaly of (a) precipitation (%) and (b) 2-meter mean temperature (◦C) of CMCC-CM/COSMO-CLM simulations under

RCP4.5 and RCP8.5 scenarios in the 2021-2050 period with respect to 1982-2011.
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Figure 14:
Trend in average seasonal precipitation and 2 meter mean temperature in the 2021-2050 under RCP4.5 (blue) and RCP8.5 (red).

Trend in the control period (black) is reported for comparison.
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itation is constant for RCP4.5 and increasing
for RCP8.5, and precipitations between 1 to 10
mm/day show a higher frequency than in the
control period; the shape of the temperature
pdfs is similar to the control period but shifted of
about 1◦C towards right. In Autumn, the prob-
ability of P ≤ 1 mm/day is similar to the control
period for both scenarios, and low precipitation
are less frequent than in the 1982-2011 period;
the shape of the temperature pdf is similar to
the control period, with a plateaux at 6◦C that
persists also in the 2021-2040 period.

Period 2041-2070 The second period consid-
ered is 2041-2070. Within this period, RCP4.5
and RCP8.5 climate projections show more
variability than in the 2021-2050 period previ-
ously analysed. Both RCP4.5 and RCP8.5 sce-
narios project the decrease of spring and sum-
mer precipitations (Fig.16(a)). Under the sta-
bilization scenario RCP4.5, in Spring, the pre-
cipitation varies of -7.9% mostly on the north-
eastern side of basin, while under RCP8.5 the
reduction is slightly higher, -9.2%, and the most
affected areas are localised on the Apennines
(southern boundary of the basin). Under both
scenarios, about 1/3 of the summer precipita-
tion is lost on the entire basin, in particular in
the Po valley, while in Autumn, the precipitation
is expected to increase, but the spatial distribu-
tion of the anomaly is different. According to
RCP4.5, the precipitation increases (18%) all
over the basin, instead following RCP8.5, posi-
tive changes are mostly localised along the Po
river main channel and negative on the Apen-
nines, and in average the total precipitation
is constant being the average anomaly equal
to 0.9%. Under RCP4.5, winter precipitation
slightly reduces, -3.8%; mostly in the west-
ern part of Po Valley and on the Apennines,
while on Alps is almost unvaried; considering
RCP8.5 precipitation increases, 7.3%, mostly
on the north-eastern side of the basin. For

temperature, Fig.16(b), both scenarios project
a positive anomaly in all the seasons, ranging
between 1.7◦C in Spring and 3.1◦C in Sum-
mer and between 2.4◦C in Spring and 3.7◦C in
Summer, for RPC4.5 and RCP8.5 projections,
respectively. Figure 17 shows the anomaly in
monthly precipitation (a) and 2 meter mean
precipitation (b). For precipitation, Fig.17(a),
the highest uncertainties, i.e differences be-
tween the projections, are detected in January:
RCP4.5 presents a negative (-11%) anomaly
while RCP8.5 a positive (+17%) one and in
September, where RCP4.5 anomaly is positive
(+24%) and the one associated to RCP8.5 is
negative (-8.3%). The shape of the monthly
temperature anomaly, Fig.17(b), is quite similar
for both scenarios but magnitude is quite dif-
ferent, 0.8-3.3◦C for RCP4.5 and 1.8-4.1◦C, for
RCP8.5. Precipitation projected trends, Fig.18
are both positive in Winter, 0.01 mm/day/year
for RCP4.5 and 0.02 mm/day/year for RCP8.5;
both negative in Spring, -0.01 mm/day/year
(RCP4.5) and -0.07 mm/day/year (RCP8.5) and
Summer, -0.01 mm/day/year (RCP4.5) and -
0.03 mm/day/year (RCP8.5) and positive for
RCP4.5, 0.02 mm/day/year and negative -0.02
mm/day/year for RCP8.5. The RCP8.5 spring
and summer trends are statistically significant
according to Mann-Kendall test with a confi-
dence level of 5%. The precipitation variabil-
ity of control period and projections is com-
parable in Winter and Spring, while in Sum-
mer both projections show lower precipitation
and, in Autumn, the RCP4.5 is characterised
by a higher interannual variability than RCP8.5
and the control period. Temperature trends
are positive for both scenarios in all the sea-
sons, and, with the exception of Winter, all
statistically significant. The RCP4.5 temper-
ature trends are equal to 0.001◦C/year (Win-
ter), 0.04◦C/year (Spring), 0.06◦C/year (Sum-
mer) and 0.08◦C/year (Autumn); for RCP8.5
estimated trends are 0.06◦C/year (Winter),
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Figure 15:
Probability distribution function (pdf) of average seasonal precipitation and 2 meter mean temperature in the 2021-2050 under

RCP4.5 (blue) and RCP8.5 (red). The control period pdf (black) is reported for comparison.
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Figure 16:
Anomaly of (a) precipitation (%) and (b) 2-meter mean temperature (◦C) of CMCC-CM/COSMO-CLM simulations under RCP4.5

and RCP8.5 scenarios in the 2041-2070 period with respect to 1982-2011.

Figure 17:
Monthly anomaly of (a) precipitation (%) and (b) 2-meter mean temperature (◦C) of CMCC-CM/COSMO-CLM simulations under

RCP4.5 and RCP8.5 scenarios in the 2041-2070 period with respect to 1982-2011.
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0.10◦C/year (Spring), 0.17◦C/year (Summer)
and 0.10◦C/year (Autumn) and, in average,
temperatures are higher than in the control pe-
riod.

The seasonal pdfs of precipitation and 2 me-
ter mean temperature are reported in Fig.19.
In Spring and Summer, the probability of P ≤
1mm/day is characterised by the highest vari-
ations, from 38% in the control period to a
45% either for RCP4.5 and RCP8.5, and from
60% to 63% (RCP4.5) and 67% (RPC8.5), re-
spectively. Summer is also characterised by
the highest increase in low (but higher than
1 mm/day) precipitations frequency, while lim-
ited changes are present in the other seasons.
With the exception of Autumn where a fre-
quency plateaux is found, the temperature pdfs
are all characterised by a shift in the modal
value. In average, RCP4.5 and RCP8.5 tem-
peratures are characterised by higher extreme
values than the control period.

Period 2071-2100

The third period considered is 2071-2100. Con-
cerning precipitation (Fig.20(a)), RCP4.5 pro-
jection shows a positive anomaly in winter pre-
cipitations, in particular over Po Valley whereas
negligible differences are found on Alps: on
average, the positive variation is about 11%.
RCP8.5 projection expects an increase of about
38% in the precipitation over the whole Po river
basin. The RCP4.5 signal in winter precipita-
tion is now positive, i.e. there is more precipi-
tation than in the control period. A possible ex-
planation is related to the positive temperature
anomaly in Autumn/Winter that forces the evap-
oration from the soil increasing the air humidity
fostering the winter precipitation. In Spring, un-
der both scenarios precipitations reduce on the
eastern part of the basin, the variation is more
marked under RCP8.5. On the western Alps,
according to RCP4.5 a light increase of pre-
cipitation is expected while following RPC8.5

it reduces; in average, the winter precipitation
varies of -1.4% (RCP4.5) and -14% (RCP8.5).
In Summer, the RCP4.5 precipitation reduction
is almost the same (about -28%) of 2041-2070
period, but with no more evident dependency
on altitude; under RCP8.5 scenario precipita-
tion variation is -57%. In Autumn, RCP4.5
precipitation increases of about +5.3% and the
variations are localised on Piemonte and east-
ern side of Po river main channel, similarly to
the anomaly shown by RCP8.5 projections on
2041-2070; RCP8.5 precipitation reduces on
Apennines and, partially, on Alps while it is un-
varied on the Po Valley, the overall reduction
is less than 5%. Concerning temperatures the
positive anomaly detected in 2041-2070 pro-
jections is present and more marked, on aver-
age, for RCP4.5, it will range between +2.3◦C
in Winter and Spring and +3.5◦C in Summer
and, for RCP8.5, between 4.1◦C in Spring and
7◦C in Summer, Fig.20(b). Figure 21 shows
the anomaly in monthly precipitation (a) and
2 meter mean precipitation (b). With the ex-
ception of March, October and November, the
uncertainty in the magnitude of precipitation
changes is high, beside that, the tendency is
clear: precipitation increases between Novem-
ber and April(RCP4.5)/March(RCP8.5) and de-
creases in the rest of the year. Considering
RCP4.5 scenario the changes range between
-36% in August and +23% in November and be-
tween -67% in July and 46% in December for
RCP8.5 projections. Thus, the 2071-2100 pro-
jection of precipitation are affected by a higher
uncertainty than the previously analysed pe-
riods. This is reasonable considering the in-
creasing differences in the projected emissions.
Also in 2071-2100, the two simulations agree in
the shape of the monthly temperature anomaly,
Fig.17(b), that show a variability between 2.7-
4.2◦C for RCP4.5 and 3.6-5.2◦C for RCP8.5.

The RCP4.5 projection shows positive trends
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Figure 18:
Trend in average seasonal precipitation and 2 meter mean temperature in the 2041-2070 under RCP4.5 (blue) and RCP8.5 (red).

Trend in the control period (black) is reported for comparison.
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Figure 19:
Probability distribution function (pdf) of average seasonal precipitation and 2 meter mean temperature in the 2041-2070 under

RCP4.5 (blue) and RCP8.5 (red). The control period pdf (black) is reported for comparison.
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Figure 20:
Anomaly of (a) precipitation (%) and (b) 2-meter mean temperature (◦C) of CMCC-CM/COSMO-CLM simulations under RCP4.5

and RCP8.5 scenarios in the 2071-2100 period with respect to 1982-2011.

Figure 21:
Monthly anomaly of (a) precipitation (%) and (b) 2-meter mean temperature (◦C) of CMCC-CM/COSMO-CLM simulations under

RCP4.5 and RCP8.5 scenarios in the 2071-2100 period with respect to 1982-2011.
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in Winter (0.03 mm/day/year) and Spring (0.01
mm/day/year) precipitations and negative in
Summer (-0.04 mm/day/year) and Autumn (-
0.03 mm/day/year), only, for Summer the null
hypothesis of Mann-Kendall test is not rejected
with a confidence level of 5%. The RCP8.5
projected precipitation is characterised by a
positive trend in Winter (0.06 mm/day/year)
and negative in the rest of the year, -
0.04 mm/day/year (Spring), -0.02 mm/day/year
(Summer) and -0.01 mm/day/year (Autumn),
any of these trend is statistically significant. It is
worth to note that, Winter and Spring precipita-
tions show an inter-annual variability compara-
ble to the control period, Fig.22. For tempera-
ture, under RCP4.5 scenarios, slightly negative
trends are computed in Winter (-0.02◦C/year)
and Spring (-0.003◦C/year), a positive trend
is found in Summer (0.05◦C/year) while, in
Autumn, the trend is null. RCP8.5 tempera-
tures are characterised by positive, and sta-
tistically significant, trends in all the seasons:
0.008◦C/year in Winter, 0.09◦C/year in Spring,
0.12◦C/year in Summer and 0.09◦C/year in Au-
tumn.

The comparison among the seasonal precipita-
tion pdfs show that in Spring, Summer and Au-
tumn, the probability of P ≤ 1 mm/day is higher
than in the control period, with the highest prob-
abilities associated to RCP8.5 values. In Win-
ter, the RCP4.5 (RCP8.5) probability of P ≤ 1

mm/day is equal to (less than) the control period
one, Fig.23. Changes in low precipitation (but
higher than 1 mm/day) frequency are detected
in Summer (increase) and Autumn (decrease).
For temperature the shift in the modal values is
confirmed and more marked than in 2041-2070
period, Fig.23.
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Figure 22:
Trend in average seasonal precipitation and 2 meter mean temperature in the 2071-2100 under RCP4.5 (blue) and RCP8.5 (red).

Trend in the control period (black) is reported for comparison.
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Figure 23:
Probability distribution function (pdf) of average seasonal precipitation and 2 meter mean temperature in the 2071-2100 under

RCP4.5 (blue) and RCP8.5 (red). The control period pdf (black) is reported for comparison.
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6. CONCLUSIONS

In the present work, a further intermediate
step in the developing of the assessment of
the potential effect of climate changes on geo-
hydrological hazards is carried out: the es-
timate of the future trends (until 2100 under
RCP4.5 and RCP8.5) of the variables, temper-
ature and precipitation, mostly regulating soil
processes which determine the hazards in se-
lected hot spots: Po river basin (flood and
low flow hazard), Cervinara and Orvieto (re-
spectively, for fast and slow slope instability
process); it follows the assessment of perfor-
mances of simulation chain (for single “rings” or
full asset) carried out in [32, 31, 5, 51, 45, 47,
46] and essentially consisting in: i)validation
of numerical climate models, ii) developments
of bias correction approaches and iii) calibra-
tion and validation of impact tools. The climate
variables are provided by high resolution cli-
mate projections, performed within A.2.6 work
package of GEMINA project [6, 7, 29, 52]; in ac-
cordance with was also recalled in the introduc-
tion, the high horizontal resolution (about equal
to 8 km) characterizing the adopted RCM simu-
lations, attempts to “narrow” the current gap ex-
isting between the spatial scale of climate simu-
lation and impact tools; moreover, it represents
a crucial added value in estimating the varia-
tion in geo-hydrological hazards strictly linked
to a proper evaluation of extreme values, be-
yond representing an indisputable advantage,
in general, also for average values on a domain,
like Italy, characterized by a very complex geo-
morphology. The results achieved confirm the
general findings according which, in a not so
far future, Mediterranean areas could experi-
ence (1) warmer temperature inducing, in turn,
(2) a more pronounced seasonality in precipi-
tation, with wetter Autumns (RCP4.5) or Win-
ters (RCP8.5) and drier Summers. However,
although the “direction” of the indicated varia-

tions seems clear, their magnitude is affected
by well known uncertainties related to climate
projections (first and foremost, the one linked to
the assumptions underlying RCPs). Since pre-
cipitation and temperature are the main drivers
of surface processes, the uncertainty in their
projections has to be taken into account to cor-
rectly estimate the geo-hydrological hazards re-
lated to climate change. Regarding the specific
nature of hot spots, in the work, parameters
of interest and their representation has been
tailored according their peculiar features (i.e.
extent, reference time spans of hazards) while
keeping in mind the current weaknesses of cli-
mate simulation. Despite the number of cases
is limited, even in this case as for the validation,
a key point of the carrying out research is rep-
resented by the development of a framework
entirely and blindly replicable in the study of
other geo-hydrological (and not only) hazards.
To this aim, it worth noting that the main diffi-
culty is related to finding case studies properly
documented allowing the calibration and vali-
dation of the impact tools on Italian domain; on
the other hand, however, they are case stud-
ies representative for dramatically widespread
phenomena in the Italian context. Finally, the
next step, already in progress, is represented by
evaluation of the effects of changes of weather
variables on hazards through the adoption of
the specific impact tools.
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A. MANN KENDALL TEST

The non parametric Mann-Kendall test[25, 22]
tests the H0 hypothesis of trend absence ver-
sus the H1 hypothesis of the existence of a
preferential order in the observations. The test
statistics S is computed on the basis of the rela-
tive ordering of all possible pairs of data points:

S =

n−1∑
i=1

n∑
j=i+1

sign(xj − xi). (4)

where sign(·) is 1 if (·) > 0 and -1 if (·) < 0.
The variable S is characterised by mean µS = 0

and variance σ2
S = n(n−1)(2n+5)/18 The test

variable Zs is relate to S by

Zs =
S − sign(S)

σS
, (5)

the variable Zs is distributed as N(0, 1), thus
a comparison between Zs and the inverse of
N(0, 1) provides the critical value for Mann-
Kendall variable. The monotonic trend has
been estimated according to Thiel-Sen ap-
proach [20] as:

β = median

[
xj − xi
j − i

]
, ∀i < j (6)
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