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Abstract: In this study we used the products of the Regional Climate Models (RCMs) to evaluate the impact of climate 
alterations on extreme events across the Region of Sicily (Italy). Data have been retrieved from EURO-CORDEX 
simulations at 12 km of spatial resolution. Because of the low resolution, the RCMs products are likely unsuitable to 
reproduce consistently sub-daily heavy precipitations. For this reason, extreme events at daily scale were first checked 
out by comparing the quantiles estimated from raingauge observations and RCMs outputs. Secondly, we implemented 
a temporal downscaling approach to estimate rainfall for durations of 1, 3, 6, 12, 24 hours from the modeled daily 
precipitation. Lastly, future projections were analyzed at daily and sub-daily scale. Results indicated that estimated 
variations are not homogeneous within the study area, with a general increase of extreme events proportional to the 
return period and inversely proportional to the duration. 
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1. INTRODUCTION  

The evaluation of the extreme precipitation is fundamental in the engineering applications since, 
for example, it allows for the estimation of the Depth-Duration-Frequency (DDF) curves. The 
awareness of the global warning has induced the scientific community to investigate how extreme 
precipitations have changed over the last decades (e.g. Arnone et al., 2013) and how they might 
change in the future. Global Climate Models (GCMs) represent a powerful tool for understanding 
the behavior of the global climate system. GCMs typically works at very large spatial scales (i.e. 
50-150 km or greater), at which the characteristics of heavy precipitation are likely not capture. 
More precise information can be retrieved by means of Regional Climate Models (RCMs), which 
work at a finer temporal and spatial scale starting from boundary conditions provided by GCMs. 

In this work, we used the products of the Coordinated Regional Climate Downscaling 
Experiment for Europe area (EURO-CORDEX) at 12 km of spatial resolution to (i) investigate the 
capability of the RCMs’ products to reproduce the extreme precipitation in Sicily at daily scale (ii) 
estimate the possible climate evolution until the end of the 21th century, and (iii) to evaluate the 
impact of climate change on the projections of daily and sub-daily extremes. A procedure of bias 
correction was implemented to correct daily RCMs data whereas a temporal downscaling method 
was implemented in order to obtain sub-daily values of precipitation.  

2. CLIMATE DATA 

High-resolution RCMs are driven through nested regional climate modeling, i.e. a technique that 
consists of using initial conditions, time-dependent lateral meteorological conditions and surface 
boundary conditions from the global models. The climate projection framework within CORDEX 
framework is based on the set of new global model simulations planned in support of the IPCC 
Fifth Assessment Report (referred to as CMIP5). This set of simulations includes a large number of 



 A. Forestieri et al. 194 

experiments ranging from new greenhouse-gas scenario simulations for the 21st century (Taylor et 
al., 2012). 

The EURO-CORDEX initiative provides regional climate projections for Europe at 50 km 
(EUR-44) and 12.5 km (EUR-11) resolutions, by downscaling the new CMIP5 global climate 
projections (Taylor et al., 2012) and considering the new representative concentration pathways 
(RCPs; Moss et al., 2010). Specifically for the Mediterranean area, the Med-CORDEX initiative has 
been proposed, which takes advantage of new very high-resolution RCMs (up to 10 km) and of new 
fully coupled Regional Climate System Models (RCSMs). Temporal resolution is daily.  

The capability of such models in reproducing rainfall series depends also on the mechanism of 
rainfall generation and thus on the area of application. An ensemble of products is then generally 
adopted to evaluate the uncertainty. Table 1 shows the RCMs products used in this study in their 
control (i.e. past) and scenario (i.e. future) outputs. 

 
Table 1. Regional climate models products used in this study. The available control period is also shown. 

ID Domain Institute RCM name Resolution Driving model Driving experiment Driving ensemble Period 

1 MED-CORDEX ICTP RegCM 4.3 0.11 deg  Hist/rcp45/rcp85 r1i1p1 1970-2005 
2 EURO-CORDEX KNMI RACMO22E 0.11 deg EC-EARTH Hist/rcp45/rcp85 r1i1p1 1950-2005 
3 EURO-CORDEX CLMcom CCLM4-8-17 0.11 deg CNRM-CM5-LR Hist/rcp45/rcp85 r1i1p1 1950-2005 
4 EURO-CORDEX CLMcom CCLM4-8-17 0.11 deg EC-EARTH Hist/rcp45/rcp85 r12i1p1 1950-2005 
5 EURO-CORDEX CLMcom CCLM4-8-17 0.11 deg MPI-ESM-LR Hist/rcp45/rcp85 r1i1p1 1950-2005 
6 EURO-CORDEX KNMI RACMO22E 0.11 deg EC-EARTH Hist/rcp45/rcp85 r1i1p1 1950-2005 
7 EURO-CORDEX CLMcom CCLM4-8-17 0.11 deg HadGEM2-ES Hist/rcp45/rcp85 r1i1p1 1950-2005 
8 EURO-CORDEX SMHI RCA4 0.11 deg CNRM-CM5 Hist/rcp45/rcp85 r1i1p1 1969-2005 
9 EURO-CORDEX SMHI RCA4 0.11 deg EC-EARTH Hist/rcp45/rcp85 r12i1p1 1969-2005 

10 EURO-CORDEX SMHI RCA4 0.11 deg IPSL-CM5A-MR Hist/rcp45/rcp85 r1i1p1 1969-2006 
11 EURO-CORDEX SMHI RCA4 0.11 deg HadGEM2-ES Hist/rcp45/rcp85 r1i1p1 1969-2005 
12 EURO-CORDEX SMHI RCA4 0.11 deg MPI-ESM-LR Hist/rcp45/rcp85 r1i1p1 1969-2005 
13 EURO-CORDEX DMI HIRHAM5 0.11 deg EC-EARTH Hist/rcp45/rcp85 r3i1p1 1950-2005 

 
Observed data from raingauges stations across Sicily have been retrieved in order to (i) correct 

the RCMs products and (ii) evaluate their capability in reproducing extreme precipitation ad daily 
scale (iii) implement the temporal downscaling. Specifically, the annual maxima at 1, 3, 6, 12, and 
24 h (AMRd) of rainfall duration and the daily rainfall (DR) were selected from data provided by 
the local hydrological observatory (i.e., Osservatorio delle Acque-Agenzia Regionale per i Rifiuti e 
le Acque, OA-ARRA). The selected rainfall observations cover the period 1972-2003, whereas, 
with regard to the RCMs outputs, we considered simulations relative to the same control period and 
two future projections, i.e. 2006-2050 and 2051-2099, obtained from both the scenarios RCP 4.5 
and RCP8.5. 

3. BIAS CORRECTION METHOD 

RCM outputs are typically affected by systematic and random model errors (Terink et al., 2009). 
A correction algorithm based on the comparison between RCM data and measurements can provide 
a bias correction method for RCM-simulated climate variables. A common assumption of most bias 
correction methods is stationary, or time invariance, of the model errors. This implies that the 
empirical relationships in the correction algorithm and its parameterization for current climate 
conditions do not change over time and are also valid for future conditions. 

Statistical transformations attempt to find a function Ψ that maps a modeled variable RCM 
having the same distribution of the observed variable. In order to correct the daily precipitation 
fields, we applied the Quantile-matching (QM) methodology (Déqué et al., 2007) to the RCM 
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outputs. The QM approach is based on the assumption that a transformation Ψ exists to allow for 
“translation” of the CDF of a RCM variable (e.g., precipitation). The transformation functions are 
based on the comparison between observations (gauge data) and simulations (RCM outputs).  

Specifically, we extracted the daily precipitation time series from the RCMs cell outputs where 
at least a station is present. The QM method adjusts all the moments of the probability distribution 
function (PDF) of any variable of the model (Piani et al., 2010) using the CDFs to construct the 
transfer function.  

Following Piani et al. (2010), the transformation can be formulated as: 

 (1) 

Such a statistical transformation is an application of the probability integral transform and, if the 
distribution of the variable of interest is known, the transformation is defined as: 

 (2) 

Following the procedure proposed by Boè et al. (2007), the empirical CDFs were approximated 
using tables of empirical percentiles thus obtaining the transfer functions (TF). The initial datasets 
for observed data and simulated RCM values can be characterized by the following equations: 

 
                                                                                                         (3) 

                                                                                                           (4) 

 
where xobs and xRCM are observed and modelled precipitation respectively, for each grid point and 
sorted by depth precipitation; φ and θ are the longitude and latitude of the grid point, respectively, d 
and m are indexes of day and month respectively.  

The bias correction was achieved considering different TFs derived for every month of the year. 
Therefore, data have been grouped according to calendar month. For fixed φ, θ, m, the emerging TF 
is defined for all i indexes as: 

                                               (5) 

Only the portion of TF with non-zero values, i.e.wet days, was fitted. 
This method was applied to both control and future rainfall data extracted from each RCM. 

4. TEMPORAL DOWNSCALING 

In this study, a simple method of temporal downscaling was proposed starting from the idea 
developed by Srivastav et al. (2014) that have presented a methodology based on equidistance 
quantile matching (EQM) for updating the DDF curves under climate change. Specifically, it is 
based on the observed correlation between extreme rainfall at different subsequent durations, i.e. 
daily-24h, 24h-12h, 12h-6h, etc. by assuming that this correlation remains invariant in the future. 

The analysis of the correlation indicated the presence of high values of the coefficient of 
determination, confirming the hypothesis of a strong correlation between pairs of the subsequent 
durations. A non-parametric transfer function (TF) among the maxima daily and maxima sub-daily 
observed rainfall values using the data for the period 1972-2003 was estimated. The five TFs, 
obtained by a comparison among the empirical CDF for each station, were evaluated from the pairs 
of data relative to different durations, e.g. daily-24h, 24h-12h, etc. The process of temporal 
downscaling thus follows a “cascade method”: the 24 hours maxima dataset is obtained from daily 
data through TF; 12 hours maxima dataset is generated from 24 hours maxima data previously 

)(RCMobs Ψ=

)]([10 RCMFFobs m
−=

),,,,()],,,,([,, imdximdxTF obsRCMm θϕθϕθϕ ==

),,,,(
),,,,(
imdxX

imdxX

RCMRCM

obsobs

θϕ
θϕ

=
=



 A. Forestieri et al. 196 

obtained and so on until to the lowest duration of 1 hour.  
As for the bias correction method, the procedure was applied to both control and future rainfall 

data extracted from each RCM. 

5. RESULTS 

The analysis of the extremes has been conducted following the Regional Frequency Analysis 
(RFA) described in Forestieri et al. (2017), according to which the region of Sicily can be divided in 
six statistically homogenous regions. Three probability distributions, i.e. Log-Normal with three 
parameters (LN3), General Extreme Value (GEV) and Two Component Extreme Value (TCEV), 
were adopted to estimate the quantiles at different return period. 

A first insight on the capability of the RCMs outputs to reproduce the past observations is given 
in Fig. 1, which shows the comparison of the empirical quantiles obtained from the raingauges data 
and RCMs, for each regions (q-q plots). The black dots indicate the percentiles of observed dataset 
drew over the diagonal (obs vs obs), while the light and the dark shaded indicate the 5th and 95th of 
the quantiles of the ensemble dataset provided by RCMs, before and after bias correction 
respectively. In all cases, the q-q plots show that the spread increases quasi-linearly as quantile 
increases, denoting a lack of consistency of RCMs in correctly reproducing the extreme value of 
precipitation before the bias correction. Only in region 1, RCMs underestimate the observations for 
high quantile values. Moreover, the bias correction improves the estimation.  

 

Figure 1. Empirical quantiles (averaged in space) of observed vs RCMs daily rainfall for each of the six regions. 

From the maximum sub-daily time series obtained from the temporal downscaling, we derived 
the quantiles of the median ensemble, provided by RCMs for both RCP4.5 and 8.5, by using the 
three distributions. For the six regions, Figures 2a and 2b show the results obtained with the LN3 
distribution and for 24h duration obtained from the observations (blue), from RCMs outputs relative 
to the control period (black), and future scenario, RCP4.5 (green) and RCP8.5 (red) for the time 
intervals 2006-2050 (a) and 2051-2099 (b). The results show that the impact of climate change 
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increases as the return period increases. A significant increase is observed for the region 4, period 
2051-2099.  

In order to provide a quantitative assessment of the future change of the quantiles obtained by 
the median of different RCMs, we evaluated the relative variation of the quantiles, Δ%, as: 

                                                                  (6)   

where QRCP4.5/8.5 and Qhist are the future and historical quantile, respectively.  
Figures 2c and 2d report the values of Δ% as a function of duration for fixed distributions (points 

and hatchings) and return period (different colours) and for the two projection periods 2006-2050 
(a) and 2051-2099 (b) obtained from the scenario RCP4.5. In particular, the central (region 6) and 
south-east area (region 1) of Sicily, for the scenario RCP4.5, do not show evident differences for 
distribution and return period. The Δ% for the south-east area for the period 2006-2050 are included 
between 25÷35% while, for the period 2051-2099, the Δ% ranges between 40 and 50%. These two 
regions have shown a weak dependence on return period.  

 
(a) 

 
2006-2050 

(b) 

 
                                          2051-2099                     

(c) 

 
2006-2050 

(d) 

 
2051-2099 

Figure 2. Return levels curves for 2006-2050 (a) and 2051-2099 (b) obtained using the LN3 distribution starting from 
observations and RCM data. Δ(%) of quantile of precipitation, for the three distributions and at given return period, for 

the projections 2006-2050 (a) and 2051-2099 (b) obtained with the scenario RCP4.5. 

The north-centre (region 2), north-east (region 3) and centre-west (region 5) area of Sicily show 
evident dependence on the duration and return period. For short durations, the Δ% reaches the 
highest values that tend to decrease for the longer durations. The value of Δ% increases regularly 
with the return period. The north-east area, does not show evident difference between the two 

histhistRCP4.5/8.5 )/QQ - (Q% =Δ
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different periods, wherein the maximum values of Δ% reach the 60% and decrease with the 
duration until the value of about 50%. 

The north-centre and north-east areas show a considerable increase of Δ% for both scenarios, 
between the first and second part of the century. For the north-centre area, relatively to period 2006-
2050 and for both scenarios, the Δ% reaches the maximum of 50% with a minimum value equal to 
about 30%. For the same period in the centre-west area, the values range between 20% and 50%. 
When the period 2051-2099 is taken into account, these values oscillate between 30% and 65% for 
the north-centre. In the centre-west for the period 2051-2099, the values of Δ% range between the 
30% and 60 %. Finally, in the west area (region 4), Δ% values do not show a strong dependence on 
the duration for both scenarios while they increase with the return period. For the scenario RCP4.5, 
the maximum value of Δ% is about equal to 45% while the minimum value is about equal to 20%.  

 

5. CONCLUSIONS 

A bias correction method and a temporal downscaling approach have been used in this study to 
evaluate the impacts of climate change on precipitation extremes starting from an ensemble of 
RCMs EURO-CORDEX simulations. The analysis of the changes in the extreme precipitations 
showed an increase of the quantiles with simultaneous decrease of mean annual precipitation. These 
results provide an indication of a possible increment of the extreme rainfall. In particular, the 
relative variation of the quantiles of precipitation resulted to be almost always larger than 20%. In 
order to obtain the future projection of the quantiles could be useful to multiply the value of current 
quantiles of precipitation with a sort of future factor of safety, for fixed return period and selected 
distribution. In conclusion, these results could provide an indication for the use of the quantile of 
precipitation and the relative DDF curves for the hydrological analysis under climate change. For 
this reason, an increase of the attention on the management and planning of the future hydraulic 
infrastructures designed for high return periods must be indispensable. In the practical applications, 
in order to reduce the damage and loss of human lives in the future, a careful evaluation of the DDF 
curves taking into account effects of climate change could be essential. 
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