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ABSTRACT

This paper examines the recent advances in the analysis of extreme rainfall in the Mediterranean region. In the ‘90s  
the National Group for Defence from Hydrogeological Disasters for Italian rivers developed a regional methodology 
that later became the VAPI procedure (Rossi and Villani,  1994). The procedure is based on the TCEV probabilistic 
model (Rossi et al.,  1984). The TCEV distribution assumes individual rainfall or flood peaks can be expressed as a 
mixture of two exponential  components.  A regionalized TCEV distribution was shown to accurately reproduce the 
observed distribution of skewness, a statistical test particularly useful for flood frequency analysis. Recently, advances  
in meteorology showed that the variability of extreme rainfall can depend on the presence of several meteorological  
processes with different characteristics. The baroclinic cyclogenesis is the dominant  meteorological phenomenon in  
the  Mediterranean.  When  a  baroclinic  wave impacts  on  an  orographic  obstacle,  like  the  Apennines,  it  causes  a  
baroclinic lee cyclone generated at the lee of the obstacle. The baroclinic structure generates ordinary extremes (more  
frequent and less severe on average).  The other two mechanisms exhibit  a greater  variability and tend to generate  
more severe and less frequent extremes: the first mechanism consists of isolated convective cells of small spatial scale  
(tens of kilometers) mostly associated with warm season thunderstorms; the second mechanism consists of tropical  
cyclones, defined as hurricane-like cyclones in  the Mediterranean  environment,  which have a spatial  scale greater  
(hundreds of kilometers)  than  the isolated convective cells.  This  phenomenon strongly depends on the interaction  
between the atmosphere and the sea. In this study, a new methodology is proposed based on: i) procedure for “a priori”  
identification  of meteorological  structure  of the  events.  In  this  procedure,  three  homogeneous time  series  can  be 
identified in  each site. Moreover,  each of the series can be considered independent  of the others and then  studied  
separately;  ii)  the  application  of  Power  Extreme  Value  (PEV)  distribution,  a  parametric  family  of  power  law 
transformations. The PEV distribution is applied to a single series of homogeneous data by considering a hierarchical  
approach to estimate the regional parameters. Finally, an application of the approach on the maximum annual daily  
rainfall time series in Campania is provided.
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1 INTRODUCTION
The  Mediterranean  region  is  characterized  by  the  occurrence of  short  and  very  intense storms.  These 
phenomena often cause landslides and floods with considerable loss of human life and enormous economic 
damage. These events (known as extreme events) are very rare when referring to specific sites. However their 
frequency is not negligible in a regional context. This seems to be more evident when analysing the annual 
maxima for rainfall and flow data series. In fact, there are some values much higher than the others and called 
"outliers" which don't seem to come from the same sample of data. Figure 1 shows the data for some extreme 
events in Southern Italy occurring between 1949 and 1963. 
In the '90s the National Group for Defence from Hydrological disasters has developed a National Program for 
assessing floods in Italian watercourses, involving dozens of researchers in different operative units 
representing all Italian regions. A methodology was developed under this program, now known as the VAPI 
procedure (Rossi and Villani, 1994), used in different Italian Regions for the assessment of floods. This 
procedure is based on:

- The TCEV probabilistic model (Rossi et al., 1984). This model is particularly suitable for describing 
the annual flood variability. It explains in a sensible way the presence of the extraordinary values that 
characterize the series;

- Use all the available hydrological information including rainfall data sets.

- The hierarchical regionalization technique, it is able to minimize the uncertainty in the estimation of 
regional parameters. This technique estimates the parameters with higher sample variance on 
increasingly large areas, and then by a higher number of data;
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The present work uses the VAPI method as a starting point and aims to provide an update to this 15 years old 
method. The update will take into account the availability of the new hydrological data sets, the latest 
development in the analysis of the meteorological structure of the rainfall and the non-stationary of the floods 
in the Mediterranean region.

The latest developments in meteorology, for example, highlights how the extreme variability of rainfall is 
strongly influenced by the rainfall generating processes. These processes can be divided into three categories: 
frontal or cyclonic phenomena, isolated storm cells and hurricane-like phenomena. The first process produces 
ordinary events, while the other two processes generate extraordinary events.

N. 
Event

Yea
r

Area Station
PDR MAR PDR

(mm) (mm) MAR
1 1949 Campania S. Croce 254 725 0,35
2 1951 Calabria S. Cristina

“    (1 day) 535 1609 0,33
“    (2 days) 1069 1609 0,66
Bovalino 463 809 0,57

3 1953 Calabria Motta 281 814 0,35
P. Stilo 262 732 0,36

4 1954 Campania Salerno 504 1254 0,40
5 1959 Basilicata Pisticci 315 708 0,44

Montalbano J. 262 676 0,39
6 1963 Lazio Roccamonfina 307 1527 0,20
PDR: Rainfall on the day of maximum daily precipitation, or 2 
consecutive  days  of  maximum  precipitation.  PMA:  average 
annual  precipitation.  PDR/PMA:  indication  of intensity  of the 
event, in all the events reported in one day fell from 30 to 60% of 
rainfall that falls on average in an entire year.

Figure 1 – Data for some extreme events.

If  the extreme rainfall  generating events can be identified,  then a  probabilistic  model more suitable for 
homogeneous data can be applied.  Based on previous analysis of regional statistics (Villani, 1993) and on 
theoretical considerations (Wilson and Toumi, 2005),  we assume that the probabilistic model PEV (Power 
Extreme Value) is an optimal model for the analysis of homogeneous data  series.  If we assume that  the 
statistical data series are composed of a mixture of three components: i) frontal events; ii) isolated storm cells; 
iii)  hurricane-like  phenomena,  each  of  them  is  very  likely  to  be  distributed  according  to  a  PEV
probabilistic model.
This work provides an application of this model to the rainfall data sets from the Campania Region (Southern 
Italy). In particular the PEV parameters will be estimated only for the most common component, known as 
ordinary. Further studies are needed in the future for the other two components. Therefore this study, does not 
conclude the update of the VAPI procedure, but intends to illustrate one of the steps aimed at achieving this 
goal.

2 METEOROLOGICAL PROCESSES IN THE MEDITERRANEAN
In the Mediterranean there are two main types of rainfall generating phenomena:
- frontal or cyclonic phenomena, rain storm cell aggregates, which are the dominant structure in the 

Mediterranean weather (baroclinic cyclogenesis marked with orographic effects);
- isolated cells storms, convective rainfall combined with evolving local phenomena, just like the typical 

summer storms;
There is also a third and less frequent one:

- cyclonic vortex (hurricane-like phenomena), rainfall generated by meteorological structures like meso-
cyclonic vortices.
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The “clustering”  of high intensity rainfall areas embedded within rainfall areas of lower intensity can be 
analysed at many different scales (Willems, 2001). At the smallest scale, the individual rain cell forms the 
building-block of a spatial rainfall structure. The rain cells are embedded in a clustered way within “small 
mesoscale areas” (102–103 km2). At larger scales, small mesoscale areas occur in a clustered way within lower 
intensity “large mesoscale areas”, which in turn are embedded within some synoptic-scale lowest intensity 
rainfall field. The large mesoscale areas are observed as (sometimes elongated) bands and their spatial extent 
varies from 103 to 104 km2. 
The distribution of rainfall is strongly influenced by the orography (Rossi et al., 2005; Cuomo and Guida, 
2010) because, from a cinematic point of view, it promotes the channelling of atmospheric currents along 
preferential directions. On the other hand, from a thermodynamic point of view, it interacts with the overlying 
air, lifting the hot masses and transferring radiation through complex heating exchanges between the air and 
the soil. 

The rainfall variability due to the orography and to the atmospheric circulation is difficult to be described at 
different scale of interest. It proves to be even more difficult, as in this study, when only rainfall data sets are 
available (daily rainfall observations in few points of a region of interest). In the case of intense storms, 
especially for the convective storms, it may happen that the most violent rainfall escape the observation. This 
condition is often caused by low density of measurement points compared to the variability of the phenomenon 
and by the unavailability of a radar system.

2.1 The baroclinic cyclogenesis
The baroclinic cyclogenesis is the dominant meteorological phenomenon in the Mediterranean. The rainfall is 
associated with the movement of sub-horizontal baroclinic cyclones (e.g. Holton, 1992), when large masses of 
warm moist air move and meet cold air masses. The interaction of a large-scale baroclinic wave with an 
orographic obstacle like the Apennines is the cause of a smaller-scale, orographically induced, baroclinic lee 
cyclone that is generated to the lee of the obstacle (Reale and Atlas, 2001). 

Figure 2 – Example of rainfall field for frontal event: 
Palma Campania, 17th November 1985

Figure 3 – Example of rainfall field for event type 
isolated storm: Flumeri, 29th December 1970

The precipitation associated with cyclonic and frontal storms are of the level of the “large mesoscale areas” 
that have an extensions of about 103–104 km2 (Willems, 2001). Baroclinic structures, then, generally generate 
rainfall events with large extent, in which it's often possible to identify cells, or clusters of cells, with high 
intensity. Frontal events duration varies from several hours to several days.

These events also move hundreds of kilometres accordingly to the atmospheric circulation and generate 
ordinary extreme events more frequent and less severe on average (see Figure 2 for an example of this type of 
rainfall field).
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2.2 Isolated convective cells
Rain cells and cell clusters most often appear in large and small mesoscale areas but they can also occur 
isolated outside these regions (e.g. in air mass thunderstorms) (Willems, 2001). The spatial extent of 
individual rain cells, in the order of 10–50 km2 (Waymire et altri, 1984), is indeed of the same order of 
magnitude as the spatial extent of most urban and small hydrographic catchments. Therefore the study of 
isolated cells requires a very dense rain gauge network or a radar system, not always available in Italy.

Convective precipitation systems are generally organized in isolated storm cells or clusters. This kind of 
phenomenon is associated with the convective movement of warm moist air masses towards the cold layers of 
the overlying atmosphere. It is also supported by contributions of energy and water vapour from limited areas, 
carried by a convergent flow of air masses. In the areas affected by convective rainfall the instantaneous and 
average intensity vary within a wide range, typically 10-100 mm/h within a few minutes.
The spatial distribution of a convective rainfall is also heterogeneous and each cell usually lasts less than an 
hour. However before dissipating all the active cells, it may take several hours (see Figure 3 for an example of 
this type of rainfall field).

2.3 Tropical Like Cyclones
In the Mediterranean, vortices of great intensity and small scale were observed (Reale and Atlas, 2001), 
mainly concentrated in autumn (between August and November), which have characteristics of convective 
events more typical of tropical like cyclones.

Tropical cyclones develop only under specific conditions (Coriolis parameter and high temperature), so it is 
expected that this kind of cyclone develops only within the narrow band of the tropics. Reale and Atlas (2001) 
have considered more specifically the possibility that tropical like cyclones can develop also in the 
Mediterranean, even though the study of subsynoptic-scale vortices over Mediterranean were first discussed in 
the early 1980s (e.g. Billing et al., 1983; Ernst and Matson, 1983). These fenomena are, due to very specific 
physical conditions, including the presence of suitable topography of the coast.

PDR0: daily precipitation at the site (0) in which occurs 
the peak of precipitation in relation to a given event.

PDRd:  daily precipitation on the day of the event in the 
site (s) distant (d) from where the peak occurs.

DISTANCE:  absolute distance between the site (s) and 
site (0)

Figure 4 – Example of rainfall field for hurricane-like 
event: Salerno, 26th October 1954

Figure 5 – Qualitative evolution of the ratio PDRd/PDR0 

with the distance for the three types of events

Therefore, the Mediterranean is affected by meso-cyclonic vortices with very low frequency (not negligible 
though), similar to tropical cyclones. The rainfall due to the tropical like cyclones possess a much higher 
intensity when compared with the frontal phenomena. It generally occurs over a localized area with rapid 
advection over coastal areas. The events, to be considered "extraordinary", cause rainfall up to 30-50% of 
average annual rainfall, covering up to 100-1000 km2 areas in less than 24 hours (see Figure 4 for an example 
of this type of rainfall field).
Figure 5 shows the spatial patterns of the ratio PDRd/PDRo, where PDRd is the daily precipitation at distance 
“d” from the peak and PDRo is the peak daily precipitation, for the three previous events.
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3 THE PEV DISTRIBUTION FOR RAINFALL IN THE CAMPANIA REGION
A flexible model, able to simulate physical reality better than others, is obtained by considering the annual 
rainfall  to  be  the  maximum of  a  Poisson-distributed  random number  k  of  indipendent  and  identically 
distributed (iid) non-negative random variables Yi (i=1,2, … k), which are also independent from k:

X= maxkYi i=1, 2, … k (1)

This is tantamount to modeling X as the maximum of a compound Poisson process, as defined by  Snyder 
(1975). Its cumulative distribution function (CDF) is readily obtained (e.g. Todorovic and Zelenhasic, 1970) 
in the form

FX(x)=P(X≤x)=exp{-Λ[1-FY(x)]}    x≥0 (2)

were Λ=E[K]  is  the parameter  of  the Poisson process  and FY(•)  is  the common CDF  of  all  Yi,  FY(•), 
continuous for x≥0.

If Y is taken to be an exponential random variable

FY(y)=1-exp(-y/θ)        y≥0 (3)

with θ=E[Y]; then (2) reduces to

FX(x)=P(X≤x)=exp[-Λ exp(-x/θ)] (4)

which, but for the interpetation of the parameters or range of validity, is much the same as the asymptotic 
extreme value type I (EV1), or Gumbel, distribution

FX(x)=P(X≤x)= exp{-exp[-(x-ε)/θ]} (5)

with

ε=θ ln(Λ) (6)

If Y is distributed like a power transformation of an exponential random variable,  also known as Weibull 
distribution

FY(y)=1-exp(-yν/θ) (7)

with
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then (2) reduces to a PEV (Power Extreme Value) distribution.

FX(x)=P(X≤x)=exp[-Λ exp(-xν/θ)] con x≥0; Λ>0; θ>0; 0≤ν≤1 (9)

Therefore the PEV distribution  is the distribution of the annual maxima of a power transformation of an 
exponential  and  becomes the EV1 when  n=1.  Recent  studies  undertaken by  Wilson and Toumi (2005) 
demonstrate that  a theoretical probabilistic mechanism for the distribution of values of the basic process of 
intense rainfall events leads, under certain conditions, to a stretched exponential distribution with a universal 
shape parameter equal to 2/3. As the “stretched distribution” has the same shape of a power transformation of 
an exponential, its annual maxima should follow a PEV distribution with shape parameter equal to 2/3.

3.1 Regionalization technique
The estimation of the PEV parameters has been undertaken using a regionalization technique, on 3 different 
levels. The first level aims to estimate the regional value of n (constant on a wide homogeneous area HA). The 
second level aims to estimate the regional value of L, unique for each sub-area (SHA). Finally the third level 
estimates the “position-parameter”, q, and establish the link between this parameter and the geomorphological 
characteristics  of  each  catchment.  This  paper  deals  only  with  the  first  two  levels  referring  to  future 
developments the discussion of the third level.

At the first level, a Regional Maximum Likelihood (Rossi e Silvagni, 1980) technique has been used. The 
technique maximizes the sum of the logarithms of the likelihood function at each station for different values of 
n for the whole region.
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With a fixed value of n, Lj and qj are evaluated at each site j by the following expressions:
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Once  L and  q are known at  each site, it is possible to evaluate the logarithm of the likelihood function  
Lj (n):
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Finally, the function can be expressed as:

( ) ( )∑
=

=
k

1j
j νLνS (13)

where k is the number of stations that fall within the HA.

The value of n that maximizes (13) corresponds to its regional estimation. With this technique we obtain an 
estimator as unbiased as possible, being based on the entire dataset.
At the second level of regionalization the adopted procedure is linked to the hierarchical one proposed by 
Fiorentino et al.  (1987). In fact the second level aims to estimate the regional  L, typical for the SHA. It is 
possible to show that  an effective estimation of the regional  L,  denoted with ,  can be obtained from the 
estimated coefficient of variation of the theoretical Gumbel distribution (Cv) on all the data series in the SHA. 
This coefficient depends on the Ln(L) according to the following equation (Gumbel, 1958):

γlnΛ

6π/
Cv +
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The regional can be obtained by applying the equation (14) for each data series within the SHA, evaluating the 
average () and then applying the following formula (Villani, 1993):
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3.2 Data collection and parameters estimation
The analysis have been carried out using database that contains all the gauging stations of the Campania 
Region and some that fall in the surrounding regions of Lazio, Basilicata, Molise, Puglia and Abruzzo as some 
other catchments extend over the administrative boundaries of the Campania Region (such as those of the 
Volturno, Liri-Garigliano and Fortore). In total, 523 stations have been taken into account with data updated 
to 2005. However only some of the data series were considered reliable. Among the available gauging stations, 
only those with a record period longer than 10 years and less than 30 daily missing data for each year. The 
final database consists of 350 stations with a record period from 1916 to 2005.

For each station the analysis involved the following type of data:
- rainfall annual maxima;

- daily rainfall data.
The return period of each annual maximum has been estimated at  each station. The probabilistic growth 
coefficient, KT,  has been calculated as the ratio between the i-th annual maximum and the average annual 
maximum for the specific station. From the KT, the return period, T, has been calculated from the following 
equation extracted from the VAPI Campania Report (Rossi and Villani, 1995):
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KT=-0.0373+0.517LnT (16)

The most delicate part of this work, which perhaps requires further investigation in future, concerns the “a  
priori” separation of different types of events. 

The detection of hurricane-like events was conducted, according to Reale and Atlas (2001) on the base of its  
small spatial  extension, strong persistence, sea  proximity and season of occurrence. Only one event was 
identified, occurred in Salerno and nearby stations on 26th October 1954 (see figures 4 and table 1). 

Table I – Annual maxima for the event occurred in Salerno on 26.10.1954

Station MAX
(mm)

KT
T
(years)

SALERNO 504 5,64 58959
GAURO 274 2,92 306
GIFFONI VALLEPIANA (Centrale Carpinelli) 247 2,84 259
RAVELLO 141 1,91 43
ACERNO 122 1,23 12
OLEVANO SUL TUSCIANO (Enel) 176 1,65 26
BATTIPAGLIA 76 1,24 12
CAMPAGNA 94 1,00 7
ALTAVILLA SILENTINA 45 0,76 5
CAVA DE’ TIRRENI 348,6 - -

Once removed from the rainfall annual maxima data base all the data included in the  Table I,  we started 
identifying and removing the isolated storm cells events. We followed a three steps procedure:

a) Identification of the annual maxima with a minimum return period of T = 200 year. This resulted in a list 
of 45 events and their relative 45 main stations;

b) Identification of the date in which the maximum listed in step “a” occurred and the related daily rainfall 
for all the stations within 50 km from the main station;

c) Finally, from the data points at step “b” a map has been created. This map show the spatial distribution 
of the rainfall on the day when each event occurred using the deterministic IDW (Inverce Distance 
Weight) interpolation method. 

Analyzing the spatial distribution of the rainfall obtained at step “c” 4 isolated cells events, with very small 
spatial extention and fast decaying, have been identified and listed in Table II.
The series  of rainfall annual maxima  related to the frontal events (the most common one) is obtained by 
removing from the original data base the events related to the isolated storm cells (shown in Table II) and the 
hurricanes-like phenomena (shown in  Table I).  We considered this derived series as homogeneus, then we 
estimated the parameters of the PEV probabilistic model.

Table II – Annual maxima from daily rainfall of isolated cells storms

Station Date MAX
(mm) KT

T
(years)

NAPOLI (Camaldoli - Eremo) 28/08/1921 192 3,06 398
ROCCAMONFINA 15/12/1963 307 3,38 738
FLUMERI 29/12/1970 123 2,93 311
VALLO DELLA LUCANIA 11/11/1980 216 2,72 207

At the first level of regionalization, the parameters of the distribution are estimated according to the scheme 
described in paragraph 3.1 and summarized below:

- regional n obtained using the regional maximum likelihood technique;

- the parameters Lj and qj are estimated through the (10) and (11), for each series and in function of the 
regional n.

The maximum of the function (13) occurs for n=0.69. 
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At the second level of regionalization has been suggested that all the stations would fall into one homogeneous 
sub-area. Rossi and Villani (1995) has shown that this hypothesis is acceptable for the whole region. The Cv at 
each station has then been calculated. The calculation of Cv at the i-th station was carried out using (14) with 
the related L obtained at the first level of regionalization. Once obtained the coefficient of variation for each 
station and estimated the average , using the (15) we obtained the regional value of   = 131,21.
Finally the distribution of the observed skewness coefficient was compared with the theoretical distribution in 
order to verify that the annual maxima rainfall (for frontal events only) in the Campania Region are distributed 
according to a PEV with the regional parameters n = 0.69 and = 131.21.

Figure 6 – Comparison between the observed 
distribution and theoretical distribution of the skewness

Figure 7 – Comparison between the observed distribution 
and theoretical distribution of L 

The theoretical distribution was obtained from ten thousand synthetic series generated from a PEV distribution 
with the obtained parameters and a fixed sample size (n = 40).
For each series the skewness was evaluated and the theoretical distribution was found by ordering the values in 
ascending order and then setting a plotting-position already used in the VAPI Campania Report (Rossi and 
Villani, 1995):

  
n

0.35-j
n)p(j, = (17)

The results in Figure 6 show that the theoretical distribution has an excellent adaptation to the observed series 
of skewness.

At the second level of regionalization, the theoretical and the observed distribution of L have been compared. 
Figure 7 shows that  in this case,  even if most part  of the observed variability of  L is explained by the 
homogeneity hypothesis, still remain a not negligible part. At this level of analysis, then, we are not able to 
give clear conclusion about the regional hypothesis on the scale parameter L.

4 CONCLUSIONS
In the '90s the National Group for Defence from Hydrological disasters has developed a National Program for 
assessing floods in Italian watercourses. The methodology developed under this program, known as the VAPI 
procedure (Rossi  and Villani,  1994),  was  widely discussed and used.  The VAPI procedure is  based on 
statistical  analysis  and  assumes  that  two  mechanisms  can  generate  extreme  events.  It  used  a  TCEV 
distribution  and  estimated  the  parameters  using  a  hierarchical  regionalization  technique  on  the  whole 
hydrological information available. In recent years, meteorology has gone through considerable advancements. 
Interesting results  were also obtained in theoretical studies on the distributions of basic  processes of the 
extreme rainfall events. As result, researchers now offer new approaches for the analysis of extreme rainfall 
and floods.  At the current  stage,  it  is  considered appropriate to update the 15  years-old procedure.  The 
upgrade may take into account the new knowledge and the new hydrological data available. 

It has been made possible to identify different kind of rainfall generating processes (frontal, isolated storm 
cells and hurricane-like). We can now split the original data series in order to manipulate homogeneous series 
only. Each homogeneous series can be more effectively expressed with a PEV distribution. 
In this work, the events related to each meteorological process have been identified. Separated series have been 
created. Each series is considered homogeneous for the specific rainfall generating mechanism. Using the 
series related to the frontal events (the most common one), it is shown how useful the PEV model is, providing 
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an application to the rainfall dataset for the Campania Region. To the aim, a hierarchical approach based on 
three levels was used for the parameter estimation, but we examined here only the first two levels. At the first  
level the “shape-parameter” (n = 0.69) was estimated and compared with the theoretical value of 2/3 found in 
the  analysis  by  Wison  and  Toumi  (2005).  At  the  second  level  the  regional  “scale-parameter”  
(=131,21)  was estimated. Even though from a  statistical point of view it  is able to explain the observed 
distribution of L, it is still questioning its physical meaning.

For  future developments, a  new objective technique for the “a  priori” classification of the events will be 
carried out and the third level of regionalization will also be developed. The hypothesis of a constant regional 
L for all the Campania Region may be also confirmed taking into account the orographic effects, neglected at  
this level of the study.

Once completed the extreme rainfall analysis, it will be necessary to analyse the corresponding floods. At this 
stage it cannot be possible to neglect the non-stationarity of the hydrological response of the catchments. It will 
also be necessary to take into account the effect of flooding (overflow mechanisms), the presence of storage 
areas (which reduces the peak flow) and any by-pass work aimed to divert the run-off.

In this sense, we consider this work only as a work in progress, constituting a first  step of the described 
methodological framework aimed to update the VAPI procedure.
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