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Abstract

The extreme events have large impacts on society and are likely to increase under climate change. 
For design and management decisions, particularly around hydraulic infrastructures, accurate es-
timates of precipitation magnitudes are needed at different durations. In this paper, the regional 
frequency analysis has been implemented and applied to precipitation data recorded in Sicily, Italy. 
Annual maximum series for rainfall durations of 1, 3, 6, 12 and 24 h provided by about 130 rain 
gauges were used. The Regional Frequency Analysis (RFA) has been used to identify the homo-
geneous regions using Principal Component Analysis (PCA) followed by a clustering analysis, 
through k-means, aimed to identify regional groups. Two regional probability distributions have 
been used in order to derive the Depth-Duration Frequency (DDF) curves: lognormal distribution 
with three parameters (GNO) and generalized extreme value distribution (GEV). The regional pa-
rameters of these distributions were estimated using the L-moment ratios approach while the rela-
tive bias and relative RMSE have been calculated using a simulation study of regional L-moment 
algorithm for the assessment of the accuracy.

1. Introduction

The extreme precipitations show intensification in many regions and this is of key importance to 
society as a result of the large impact through flooding (Trenberth et al., 2003). For design and 
management decisions, particularly around hydraulic infrastructures, accurate estimates of precipi-
tation at different durations are needed. Frequently the historical available rainfall series are un-
suitable for this estimation process because of the gaps present in the period of registration, and 
then the regional frequency analysis is necessary. Regional rainfall frequency analysis (RFA) plays 
an important role for several civil infrastructure design and non-structural problems involving natu-
ral hazards associated with extreme rainfall events.

In previous works, it has been demonstrated that RFA provides more reliable estimates of return 
periods for extreme rainfall even in the case when the dataset is not very large (Hosking and 
Wallis, 1988). RFA is also able to resolve the problem of the evaluation of precipitation extremes at
ungauged sites within the same region. 

The aim of this work consists in the design and the application of the RFA procedure for the area of 
Sicily, Italy, based on the selection of suitable procedures which take into account the data avail-
ability and the meteoclimatic features of the area. In previous works, related to the same area 
(Cannarozzo, et al. 1995; Lo Conti et al., 2007), the choice of the number and the extension of the 
homogeneous regions were made using hydrological criteria related principally on watersheds 
boundaries. In this work, we adopted an objective method to obtain the homogeneous regions that
allow to consider several variables, linked to the extreme precipitation, in a robust mathematical 
framework.
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2. Methods

Our analysis has been performed following the approach similar to that used by Jones et al. 
(2013). The first step of the methodology is the selection of the variables to include in the region 
identification. These variables directly influence the regional frequency analysis performances in 
terms of homogeneity. Variables adopted for this study are reported in Table 1.

Table 1: Variables used in rainfall region development.

Variable Description

Z Station elevation

AMRd Annual maximum rainfall for different durations (mm)

d
Mean date of the events, represents a measure of the average time of 
occurrence of rainfall events.

rm,d
Seasonality vector, provides a dimensionless measure of the spread of 
the data.

nDry Number of days < 1mm

Rs/Rw
Ratio between summer rainfall (April - September) and winter rainfall 
(October - May)

The Principal Component Analysis (PCA), whose primary purpose is to reduce the number of vari-
ables obtaining some “latent” variables which result uncorrelated (Wilks, 2011), was performed on 
the initial dataset. It is particularly useful when one needs a data reduction procedure that makes 
no assumptions concerning an underlying causal structure that is responsible for co-variation in the 
data. The principal components can be defined as a linear combination of optimally-weighted ob-
served variables. Usually, only the first few components obtained are retained and interpreted. The 
PCA analysis has been applied to the selection of variables estimated for each station.

The successive cluster analysis was performed using the reduced number of significant synthetic 
variables retrieved from the PCA to which the normalized latitude and longitude of stations have 
been added to support the grouping of continuous regions. Operationally, the cluster analysis was 
performed using the k-means clustering method (Hartigan and Wong, 1979). This method operates 
placing centroids of the initial clusters and reallocating group memberships on the basis of prox-
imity to the cluster centroids. The algorithm is iterated until each data vector is closest to its group 
centroid and no further reallocations of memberships are made. 

The main difficulty related to the k-means method is that the number of clusters, k, must be prede-
fined. There are different ways to define the number of clusters if they are not known a priori. Nev-
ertheless, these methods may provide different results. Therefore, It is useful to try k-means with 
an initial range of values of clusters.

Once a set of physically plausible regions has been defined, it is necessary to assess their degree 
of homogeneity. Following the RFA approach proposed by Hosking and Wallis (2005), in this work
three different tests were chosen: the discordancy measure D for each station, to examine possibly 
anomalous behaviour of individual stations, the HW (Hosking and Wallis, 1993) and the Anderson-
Darling AD rank tests, (Stedinger et al., 1993) to assess homogeneity of the extreme rainfall re-
gions obtained. Viglione et al. (2007) have compared the HW test and the AD test highlighting that, 
when the L-skewness coefficient for the region under analysis is lower than 0.23, the Hosking and 
Wallis heterogeneity measure HW1 can be considered the preferred method; if L-skewness is 
greater than 0.23 the bootstrap Anderson-Darling test is preferable. In case of heterogeneity of a 
cluster, the possibility of combining it with another into a single region or that to subdivide it in two 
different clusters are evaluated.
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The goodness of fit is evaluated for each homogenous region considering five parameter fre-
quency distributions: generalized logistic (GLO), generalized extreme-value (GEV), lognormal 
(GNO), Pearson type III (PE3) and Generalized Pareto Distribution (GPA). After the choice of the 
frequency distributions, these were fitted to data from relative to sites in each homogeneous re-
gion. The distributions were fitted using the method of the L-moments (Hosking and Wallis, 2005)
based on the dimensionless rescaled data x’. The quantiles relative to several return periods T
were obtained setting F(x’)=1-1/T. Finally, in order to evaluate the uncertainty and the reliability of 
the results obtained by statistical analysis, an assessment of the magnitude of uncertainty was 
carried out with a Monte Carlo simulation analysis.

3. Data

Sicily is the largest island in the Mediterranean Sea situated in the South of Italy with an area about 
25.000 km2.In order to apply the regional frequency analysis, this study used the extreme rainfall 
data published by the Servizio Osservatorio delle Acque. The rainfall data used in this research are 
the annual maxima rainfalls with durations equal to 1, 3, 6, 12 and 24 h and the daily time series. 
There is a total of 314 stations for sub-daily annual maxima data used for the analysis spanning
the period 1928-2009 while for daily precipitation there are 382 stations spanning the period 1928-
2009. However, some stations have many gaps due to non-operative periods and, for this reason, 
only those with at least 30 years of operation between the years 1972 and 2003 were selected, this 
being the period with maximum station operation. Thus, the observations for different durations 
comprise 124 stations, each with a minimum record length of 20 years.

4. Results

The Principal Components (PCs) evaluated separately for the different durations, were combined 
through an averaging operation because generally they showed similar score values among differ-
ent durations. The residual percent variance method was used to select the principal components 
obtained from the analysis. It has been decided to retain the principal components which ac-
counted for at least 5 % of the total variance in the input dataset then only the five principal com-
ponents were selected.
Values of the score, for the first three principal components, highlight the responses of geography 
for the first component, while the second has shown a relation with the precipitation mean annual 
maxima and the greater value of the dry day; the third component is mainly related to the season-
ality, with a particular influence in the east side where the events are short and intense. The five 
PCs obtained were used as input for the cluster analysis performed through the k-means.

Fig 1: Homogeneous regions obtained with the K-means.
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As highlighted above, the cluster analysis was performed using the variables obtained from the 
PCA and, additionally, the latitude and longitude normalized of each station to support the grouping 
of continuous regions. In this study, the possible range of values of k (i.e. number of clusters) was 
selected considering the minimum and maximum number of clusters used in previous work regard-
ing the Sicily, i.e., from 3 to 8 (Cannarozzo et al., 1995; Lo Conti et al., 2007; Gabriele and 
Chiaravalloti 2013). Therefore, this range was hence examined evaluating the results obtained 
through the method of the Silhouette value (Rousseeuw, 1987) which provided the most robust 
and optimal solution that relative to k equal to 6.

At this point, the RFA tests described above are applied for the regions obtained. An analysis of 
the dependence of the L-moments values was achieved to confirm whether it was needed to con-
sider a relation with the duration. The values of the regionally weighted L-moments were calculated 
for the different duration. The values of L-moments show clearly a behaviour of the L-moments of 
extreme rainfall for the duration of 1 hour different from that relative to the other durations (i.e. the 
latter results less variable). This behaviour could be due to the errors in the recorded data. Indeed, 
the uncertainty for the short duration is more evident because of the nature of the short extreme 
precipitations that could be due to particular meteorological conditions with different temporal and 
spatial extension compared with events of long duration. The distribution parameters are evaluated 
considering the mean value for each L-moment not including the values for the duration of 1h. 
When the test of homogeneity does not report a positive result for a region, the characteristics of 
sites that showed marked differences have been carefully examined, then these sites have been 
reassigned to other regions or deleted. In other cases, some clusters presented stations with dis-
cordant values although resulted homogeneous; in this case, stations were not deleted and they 
were used during the subsequent analysis.

On the basis of the homogeneous regions identified (Figure 1), the RFA was used to fit GNO and 
GEV distributions estimating the x’ quantiles (Figure 2) with the L-moments method.

a) b)

Fig 2: Growth curves for the different distributions, a) GNO and b) GEV.

Finally, an assessment of the accuracy has been performed evaluating the BIAS and RMSE of 
quantiles estimated with fitted distributions with reference to those obtained from a Monte Carlo 
procedure reproducing the variability of data. Values of the relative BIAS resulted near zero or 
slightly negative for lower return periods. In particular, the GNO distribution reported a very low
value. The RMSE values for the GNO and GEV distributions are very similar each other with an
exception regarding the cluster 3, in particular in the extreme upper tail where F (T
years). The cluster 3 has shown, for high return periods, a significant increase of the values of 
BIAS and RMSE, probably due to the small number of stations inside the region. The cluster 6, 
despite being identified as “possibly heterogeneous”, does not show RMSE values greater than the 
other clusters.
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Since the values of the L-moment for the duration of 1h were not considered for the evaluation of 
the parameters of the distributions, the relative BIAS and RMSE for the GEV and GNO for the du-
ration of 1h was evaluated comparing with the regional value achieved considering the real hetero-
geneity through the L-CV values for 1h and the regional growth curve previously obtained.

A comparison of BIAS and RMSE for the regional curve and for 1h duration are negligible, the 
greater difference is in the cluster 6 for both distributions. Finally, the regional growth curve ob-
tained for durations lower than 3h shows acceptable performances.

5. Conclusions

This article presents a new set of regions for the RFA of precipitation in Sicily, obtained considering 
the matching between the at site characteristics with those relative to the extreme rainfall such as 
magnitude, the timing of events, seasonality and distribution between summer and winter events. 
The methodology adopted allows for a better and more robust regional frequency analysis, com-
pared with traditional approaches. In previous works, the number of regions obtained with hydro-
logical characteristic varied between three and eight. Through this new approach, homogeneous 
regions have been obtained with a cluster analysis, using new variables achieved by PCA. The 
best number of regions is equal to six, then similar to the number provided by previous works but 
with important spatial differences.

Quantiles have been obtained fitting two extreme different distributions, the GEV and the GNO. 
The precipitations for 1h duration showed a different behaviour due to particular kind of precipita-
tion, usually convective precipitation with limited spatial extension. The GNO distribution has given 
result better than GEV, although both distributions have three parameters.
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