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Abstract

Heavy rainfall events are likely to become more frequent and severe in the next

future, under the effects of a changing climate. In this context, the scientific lit-

erature is characterized by a relevant number of studies trying to identify the

convective component of precipitation, since this kind of phenomena, due to

their short duration and high intensity, may lead to an increased risk of flash

floods or debris flows and, consequently, human life losses and economic dam-

ages. In this study, a separation between the convective and stratiform precipita-

tion, starting from the subhourly precipitation time series recorded over Sicily

(Italy), is provided on a monthly scale. Results show that the percentage of con-

vective precipitation increases as the associated intensity increases, following

what is generally known about convective events. Moreover, during the summer

months, higher percentages of convective rainfall are generally reached for

lower values of intensity, since this season favours the occurrence of these phe-

nomena due to high temperature and relative humidity. In addition to the

regional analysis, even an at-site analysis has been carried out, through the defi-

nition of a critical intensity threshold to identify the predominant convective

component for each rain gauge. This analysis has pointed out that such convec-

tive events have occurred mainly in the east part of the island mainly due to the

complex orography of this area, which favours the occurrence not only of such

phenomena but of flash floods and debris flows as well.
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1 | INTRODUCTION

During the last decades, the scientific community has
gathered a great number of evidence that humanity is
experiencing a changing climate. The rise in global

temperature has been extensively documented, as
well as its direct influence on the hydrological cycle
and the precipitation field (Kundzewicz, 2008;
Trenberth, 2011; Donat et al., 2016; Lionello and
Scarascia, 2018).
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Since during extreme rainfall events, all water vapour
in the air (or a relevant and constant fraction of it) is con-
verted into rain, then precipitation for extreme events is
expected to scale with the Clausius–Clapeyron relation
rate (i.e., 6–7%��C−1); however, it has already been dem-
onstrated that this value is higher in some parts of the
globe, and, particularly, in Europe (Lenderink and van
Meijgaard, 2008; Ali et al., 2021; Fowler et al., 2021), thus
leading to higher severity of heavy rainfall. Not only the
magnitude but also the occurrence of intense precipita-
tion is likely to increase in the future (Scoccimarro
et al., 2013; IPCC, 2019), incrementing the risk of severe
flooding especially when hitting small catchments, char-
acterized by low times of concentration (Borga
et al., 2007; Aronica et al., 2012; Forestieri et al., 2016)
and highly urbanized (Aronica et al., 2002; Pumo
et al., 2017; Arnone et al., 2018). Concerning the Mediter-
ranean area, many studies show that there has been an
increase in short-duration and high-intensity rainfall
events (Kyselý et al., 2012; Arnone et al., 2013; Bartolini
et al., 2014; Forestieri et al., 2018; Treppiedi et al., 2021).
In this context, since event duration and intensity are
strictly related to the mechanisms that generate the pre-
cipitation, a topic that has often been a source of interest
is the one related to the classification of precipitation into
stratiform and convective components (Tremblay, 2005;
Ruiz-Leo et al., 2013; Feloni et al., 2019; Cipolla
et al., 2020) and, consequently, to the identification of
convective events (Tremblay, 2005; Feloni et al., 2019;
Sottile et al., 2021) and the detection of any trend in their
characteristics (Rulfov�a and Kyselý, 2014; Llasat
et al., 2021).

At the spatial scale starting from the radar echoes,
Houze (1997) defines the convective regime as the precip-
itation associated with young and active atmospheric
convection. In this condition, the strong updraft that con-
denses a large amount of water in the air generates
cumulus and cumulonimbus clouds and the related pre-
cipitation is generally characterized by short-duration
and high-intensity (Llasat, 2001; Berg et al., 2013; Westra
et al., 2014). On the other hand, stratiform precipitation
occurs in a different atmospheric condition, namely
when the convection is weak and the air motions are
lower, thus producing precipitation events with opposite
characteristics to the previous. Although the physical
mechanisms that generate convective and stratiform pre-
cipitation have been widely discussed in the past, separat-
ing the two regimes is not trivial. Indeed, the convective
and stratiform precipitation could occur separately or as
a part of the same complex of clouds, not allowing a net
distinction between the regimes (Houze, 1997;
Tremblay, 2005; Rulfov�a and Kyselý, 2013; Kyselý
et al., 2016).

Nevertheless, over the years the issue of a correct dis-
tinction between precipitation in convective and strati-
form components has been carried out from different
points of view. The first attempts to deal with such a sep-
aration were mostly concerned with the spatial aspect of
the problem, that is, to distinguish between convective
and stratiform regions using weather radar imagery or
remote sensing techniques (Steiner et al., 1995; Reuden-
bach et al., 2001; Rigo and Llasat, 2004; Sandford
et al., 2017).

Concerning the distinction of precipitation regimes
on the base of ground observations, Tremblay (2005) ana-
lysed precipitation data of about 3,500 rain gauges col-
lected by the World Meteorological Organization (WMO)
at the global scale, setting up an algorithm for the classifi-
cation of convective and stratiform precipitation compo-
nents. The study revealed that the relationship between
cumulative precipitation and its intensity can be
described by a negative exponential law, independently
from the period under study and the time step used to
cumulate the raw rainfall data. Starting from this finding,
Tremblay (2005) based the classification of the total pre-
cipitation into convective and stratiform components by
assuming that the exponential curve corresponds with
the stratiform component, while the difference between
the total precipitation and exponential curves provides
the convective component; moreover, the author define a
rainfall intensity threshold to classify, at the gauge scale,
as convective (stratiform) all the events with an intensity
higher (lower) than that threshold. Ruiz-Leo et al. (2013)
applied a similar algorithm to the 6-hr rainfall data
recorded from 1998 to 2008 by 12 rain gauges located on
the northeastern Mediterranean coast of Spain. The
authors confirmed the above-mentioned assumption of
Tremblay (2005), namely that an exponential distribution
is observed when the total rainfall depth is represented
versus the rainfall intensity. Considering both the annual
and the seasonal convective precipitation, the application
of a trend analysis reveals a significant increase in such a
variable in the autumn. Feloni et al. (2019) applied the
same approach presented in Tremblay (2005) to 6-hr
rainfall time series of 32 rain gauges in the Attica region
(Greece), obtained by aggregating the original 10-min
rainfall time series in the period 2005–2015. The authors
identified the critical intensity thresholds for each year
under study, to detect the convective events and evaluate
the annual fraction of convective rainfall. Moreover,
results were validated using some indices representative
mainly of the convective component, such as the light-
ning activity, which is very common in presence of
cumulonimbus clouds that generate convective events.
The validation procedure highlights how the separation
algorithm is characterized by high performance in
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classifying the correct type of precipitation, thus provid-
ing a useful tool to identify convective rainfall in gauged
sites.

Starting from the rainfall annual maxima at fixed
durations (1, 3, 6, 12, and 24 hr) for Sicily (Italy),
Cipolla et al. (2020) developed a criterion to classify
annual maxima between convective and stratiform,
also taking into account a third class containing
mixed/unresolved events, by means of two reanalysis
indexes, namely the Convective Available Potential
Energy (CAPE) and the Vertical Integral of Divergence
of Moisture Flux (VIDMF) retrieved by the ERA-
Interim archive. The authors found that, in general, at
1-hr duration, the percentage of convective events pre-
dominates in the other classes of events mainly in the
summer season, while the percentage of stratiform
tends to increase at 24-hr duration during the winter
period. The significant percentage of mixed/unresolved
annual maxima, which is recognized at all durations,
highlights the presence of many rainfall events which
could be classified as both convective and stratiform
events or do not show a sufficiently clear distinction
between the two classes.

In this work, starting from the SIAS (Servizio Infor-
mativo Agrometeorologico Siciliano) database for Sic-
ily in the period 2002–2020, 20-min precipitation time
series have been created from high-resolution rainfall
time series and then used to (a) separate the convec-
tive and the stratiform precipitation at a 5-day scale
according to the framework proposed by Tremblay
(2005), (b) determine a critical threshold able to iden-
tify the predominant convective events at at-site scale
in the whole period under study and, (c) investigate
the spatial pattern relative to the occurrence and the
percentage of convective events and their possible
trend.

The paper is structured as follows: a brief description
of the area under study, along with the involved rainfall
database and the methodology, is presented in section 2.
Section 3 provides a description and some comments
about the results. Finally, in section 4 some conclusions
concerning the study are summarized.

2 | MATERIAL AND
METHODOLOGY

2.1 | Study area and dataset

Sicily, with an area of 25,700 km2, is the largest island in
the Mediterranean Sea. The island is characterized by
great variability in elevation. Precipitation varies a lot
across the island, both spatially and temporally; more

specifically, the Mean Annual Precipitation (MAP) is
lower in the southeast (360 mm on average) and higher
in the northeast (1,900 mm on average) of the region
(Di Piazza et al., 2011). From a temporal point of view,
winter is usually affected by the greatest part of the
annual precipitation, while summer generally manifests
relevant dry periods, even if severe storms, such as the
one that recently occurred in Palermo on 15th July 2020
(Francipane et al., 2021), may sometimes occur in this
season.

The precipitation dataset used in this study has been
provided by the regional agency SIAS (Servizio Informa-
tivo Agrometeorologico Siciliano). The database comes
from about 100 rain gauges, uniformly distributed
across the island and with an average density equal to
about 250 km2/gauge (Figure 1). The location of all the
gauges under study, overlaid with the Digital Elevation
Model (DEM) of the region, is shown in Figure 1. The
rain gauge network, as stated by the SIAS agency, complies
with the WMO requirements in terms of site selection, data
detection, management, and validation criteria. All these
aspects ensure a high level of homogeneity in the rainfall
time series. The gauges have been continuously collecting
rainfall data at the 10-min resolution for about 20 years. In
particular, the data considered in this study cover the period
between January 2002 and December 2020 (i.e., 19 years) for
almost 80 stations, while for the remaining gauges, data are
mainly available for a shorter period but until December
2020.

The original 10-min rainfall time series have been
aggregated to the 20-min resolution by dividing the
whole period into not overlapping 20-min intervals and
cumulating the rainfall depth within them; in this way,
the amount of rainfall that occurred in 20 min, namely
an average intensity of precipitation (e.g., mm�20 min−1)
has been derived. Compared to the original 10-min reso-
lution, the choice of 20-min time resolution increases the
probability that single-cell thunderstorms peaks are
included in a single interval since individual cell life cycle
is generally between 30 and 60 min (NOAA, 2012). At
the same time, the high resolution of the available data-
set is maintained, being a novelty compared to the previ-
ous studies (Tremblay, 2005; Ruiz-Leo et al., 2013; Feloni
et al., 2019), in which time series have been used with a
frequency of 6 hr. Indeed, while considering 6-hr inter-
vals could be a good compromise when convective and
stratiform contributions are analysed at a global scale,
such as in Tremblay (2005), it is necessary to use finer
resolution when the studied area is limited, such as in
the case of Sicily. There is also evidence that convective
precipitation can develop in time intervals significantly
shorter than 6 hr (Llasat, 2001; Hardwick Jones
et al., 2010; Berg et al., 2013).

TREPPIEDI ET AL. 3
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2.2 | The partitioning procedure

This study aims to separate the stratiform and the con-
vective component of precipitation on a monthly scale,
by using the framework proposed by Tremblay (2005).
The first step consists of defining an empirical total pre-
cipitation distribution (PT Ið Þ), considering a specific aver-
age time interval Δτ. Then, a negative exponential curve
is fitted to model the stratiform precipitation component
(PS Ið Þ). The convective component is therefore defined
by the difference between the total precipitation and the
stratiform components. A detailed explanation of this
procedure can be found in the following subsections.

2.2.1 | The total precipitation distribution

As mentioned in the previous paragraph, obtaining the
empirical total precipitation distribution is essential to
distinguish the stratiform component and, consequently,
also the convective one. To derive the monthly PT Ið Þ, a
pre-processing procedure is required.

The first step aims to remove the dependency of the
data on the location of the rain gauges. Indeed, the sepa-
ration between the two regimes takes place on a spatial
scale defined by the available ground observations. For
example, Tremblay (2005) applied the algorithm on a
global scale, while the goal of this study is to work at a
higher spatial resolution, defined over Sicily. Neverthe-
less, our study area is larger than the one used by Ruiz-
Leo et al. (2013) (i.e., a part of the Spanish Mediterranean
coast and the Balearic Island) and Feloni et al. (2019)

(i.e., the Attica peninsula). To move from an at-site to a
regional scale, the data recorded by all the gauges in the
same 20-min interval (i.e., corresponding with Δt) needs
to be gathered on the base of their rainfall intensity. With
this purpose, an intensity bin size, namely ΔI, is used to
define a certain number of intensity classes, obtained by
dividing the intensity range of variability by ΔI. Hence,
the empirical total precipitation distribution PT Ið Þ for the
considered time interval Δt is obtained by grouping and
cumulating the rainfall data according to the intensity
class to which they belong. More specifically, the latter
PT Ið Þ describes how the total rainfall depth is distributed
with the intensity, in a specific Δt. It is important to spec-
ify that such a distribution is derived for the region under
study as a whole as previously stated (e.g., no spatial
information is included in the empirical total precipita-
tion distribution PT Ið Þ).

Before applying the partitioning algorithm, it is neces-
sary to choose an average time interval, Δτ, to which the
analysis is referred. The first way may consist in consider-
ing a Δτ equal to the time series resolution Δt, such as in
Tremblay (2005), thus providing four empirical distribu-
tions per day for further partitioning (Δt = Δτ = 6 hr).
On the other hand, it is possible to choose Δτ > Δt, such
as the year (Ruiz-Leo et al., 2013; Feloni et al., 2019), or a
5-day scale here proposed. More specifically,
30-day months are divided into six identical intervals,
while the last one contains (a) 1 day more in the case of
31-day months or (b) 2 days less in the case of February
(or 1 day less for the leap years). This kind of subdivision
has been preferred to a constant 5-day window so that
each interval falls within a specific month, and therefore

FIGURE 1 Spatial distribution of

SIAS rain gauges, overlaid to the digital

elevation model (DEM), for Sicily

[Colour figure can be viewed at

wileyonlinelibrary.com]
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it allows for analysing the monthly behaviour of the con-
sidered variables. To obtain the 5-day empirical PT Ið Þ, it
is necessary to select all the 20-min distributions within
the considered Δτ (i.e., 5 days in our case) and aggregate
them at the same intensity classes. Through this aggrega-
tion procedure, the number of distributions per year is
reduced from 26,280 (e.g., 72 distributions per day for a
total of 365 days) to 72 (e.g., six per month), as it will be
shown in section 3.1.

2.2.2 | The partitioning algorithm

According to Tremblay (2005), an exponential structure
can be always detected by looking at total precipitation
distributions, regardless of the Δτ. Indeed, the total pre-
cipitation depth tends to decrease exponentially as the
rainfall intensity class increases. From a statistical point
of view, this is mainly connected to the relationship
between the probability of occurrence of the rainfall
events and their related severity. Indeed, the total volume
of rain associated with events that occur frequently with
lower intensities is probably higher compared to the one
connected to a single very intense event. As explained by
Tremblay (2005), this is a consequence of the fact that
the rainfall intensity strictly depends on the residence
time of particles in the clouds and, in turn, the probabil-
ity of observing a certain residence time can be modelled
with an inverse exponential distribution. For further
details the Reader is referred to Tremblay (2005).

Moreover, Tremblay (2005) has shown that this expo-
nential structure mainly prevails in correspondence of
classes with lower intensity, while the total precipitation
distribution generally exhibits an irregular behaviour for
the higher intensities, as if some local peaks are superim-
posed to an exponential curve. Since it is realistic to
assume that in these anomalies the convective compo-
nent is significant, especially when the intensity of rain-
fall is relevant, it is possible to associate the exponential
structure to the stratiform component and the anomalies
with the convective one.

Starting from the previous considerations, for a cer-
tain Δτ, the convective component of the precipitation
can be obtained by subtracting a pure exponential curve
from the total precipitation one,

PC Ið Þ=PT Ið Þ−PS Ið Þ=PT Ið Þ−a � e−b�I , ð1Þ

where PT Ið Þ is the total precipitation distribution, PC Ið Þ
and PS Ið Þ are the convective and the stratiform compo-
nent, respectively, while a and b are the parameters
needed to model the latter. Since the above-mentioned

distributions have been defined as time scale dependent,
it is worth highlighting that each term in Equation (1) is
a function of the Δτ fixed. For the 5-day scale approach,
72 couple of parameters (namely a and b) must be
derived per year.

Since mathematical modelling cannot be separated
from the physical phenomenon, these parameters need to
be estimated after defining a series of constraints. Indeed,
a stratiform component greater than the total precipita-
tion would result in a negative convective component,
which has no physical meaning. For this reason, the
curve should pass through the relative minima of PT Ið Þ
or, when it is not possible, it must be fixed equal to PT Ið Þ,
meaning that there is no convective contribution in the
considered intensity class.

2.2.3 | Model dependencies

Before delving into the results, it is useful to focus the
attention on some dependencies of the partitioning algo-
rithm. The ability of the model to differentiate between
the stratiform and the convective component of the pre-
cipitation depends not only on the ΔI, as highlighted by
Ruiz-Leo et al. (2013) and Feloni et al. (2019), as well as
the sample size and the Δτ as originally pointed out by
Tremblay (2005).

Since ΔI represents the resolution required to
describe the total precipitation distribution, a greater
intensity bin size may result in an excessively smooth
curve, thus reducing the accuracy of the algorithm in
identifying convective rainfall. On the contrary, even if
one may think that the smaller this value, the greater the
capability of the algorithm to separate the two regimes,
and since the exponential curve is forced to pass through
the minima of PT Ið Þ, an excessive number of local peaks
or anomalies following Tremblay (2005) could lead to an
overestimation of the convective component.

To overcome this issue, Ruiz-Leo et al. (2013) pro-
posed a criterion useful to choose ΔI according to a
parameter, derived from the standard deviation of precip-
itation intensity and the number of no-null precipitation
data for all the gauges considered. Nevertheless, this
empirical method for choosing ΔI has been probably cali-
brated for the annual Δτ, leading to unrealistic results in
the case of lower Δτ. This is especially true for the driest
months, in which the standard deviation is high and the
resulting ΔI is excessively wide to separate the regimes.
Since in this work a high-resolution dataset is used, four
different values of ΔI have been tested. In particular, it
has been fixed equal to 0.6, 1, 1.4, and 1.8 mm�20 min−1

and then applied to discretize the total precipitation dis-
tribution PT Ið Þ for each 5-day interval.

TREPPIEDI ET AL. 5
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Another parameter that influences the algorithm is
the Δτ. In particular, Tremblay (2005) proved that, for
fixed sample numerosity, the greater the Δτ (e.g., 6 hr,
1 day, 1 month, 1 year), the smoother the total precipita-
tion distribution PT Ið Þ, tending to a perfect exponential
distribution. From a statistical point of view, this evi-
dence is explained by the fact that a higher Δτ value
implies that a greater number of events are aggregated in
each intensity class and, at the same time, that it is likely
that low-intensity events occur more frequently than
high-intensity ones.

The opposite effect could be reached by considering,
for a fixed Δτ, a lower sample size. This could occur if
data are aggregated using a higher time window
(e.g., using the 1- or 6-hr time resolution to obtain the
hourly or the hexa-hourly rainfall time series, instead of
the 20-min resolution) or even if a decreasing number of
stations is available. As an example, Ruiz-Leo et al.
(2013) and Feloni et al. (2019) were forced to choose the
annual Δτ because of the small number of rain gauges
involved (i.e., 12 and 11 on average, respectively) even if
the authors do not explicitly mention this aspect in their
works, while, on the opposite Tremblay (2005) was able
to apply the algorithm for a 6-hr Δτ because of availabil-
ity of a global rain gauges network.

For this reason, the 5-day Δτ can be considered as a
good trade-off between sample size and average time
interval in the case of this work, as indicated from the
analysis over different time averaged periods conducted
by Tremblay (2005). Indeed, the use of a higher Δτ
(e.g., the month) could result in excessive smooth empiri-
cal total precipitation distribution PT Ið Þ, while choosing
a lower Δτ (e.g., the day) could lead to an opposite behav-
iour and to a higher probability of not having rainfall
depth within the fixed Δτ, particularly during the driest
months.

2.3 | Detection of convective events

As mentioned in the previous subsection, the spatial
information of the precipitation is lost during the deriva-
tion of the empirical total precipitation distribution,
PT Ið Þ, and the consequent partitioning technique.
Indeed, since the separation between the convective and
the stratiform regimes is carried out at the regional scale,
it does not allow to identify for each rain gauge those
events characterized by the predominance of the convec-
tive component.

To overcome this limit and pass from a regional to an
at-site classification of the two components, Tremblay
(2005) introduced a critical intensity threshold (hereinaf-
ter Icr), representing the value of intensity from which

the convective component begins prevailing on the strati-
form one. In other words, starting from the results of the
separation for the fixed Δτ, the Icr threshold splits the
intensity domain into two parts: a first part where the
stratiform prevails on the convective component for I <
Icr , and a second one where the convective is predomi-
nant for I>Icr . Consequently, Icr is defined as the first
intensity value that ensures,

PC Icrð Þ>PS Icrð Þ: ð2Þ

As pointed out by Ruiz-Leo et al. (2013), this criterion
could lead to an important underestimation of the thresh-
old, mainly because PC Ið Þ could be locally greater than
PS Ið Þ for lower values of intensity, due to the exponential
fitting. Therefore, this criterion has been subsequently
modified by Ruiz-Leo et al. (2013) and Feloni et al.
(2019). In particular, Ruiz-Leo et al. (2013) suggested that
this threshold should be fixed when the convective com-
ponent represents 60% of the total cumulative precipita-
tion since Houze (1993) found that this percentage can
be considered a characteristic of the convective rainfall in
a Mesoscale Convective System (MCS). Nevertheless, it
has been noticed that in Europe these organized com-
plexes of cumulonimbus are characterized by different
features (e.g., size and duration) compared to other parts
of the world (Rigo and Llasat, 2007; Kolios and
Feidas, 2010; Michaelides et al., 2018) and are mainly
continental (Morel and Senesi, 2002; Kolios and
Feidas, 2010), suggesting that also other types of a thun-
derstorm (e.g., single- and multi-cell storms) need to be
considered in deriving Icr for Sicily. Feloni et al. (2019),
instead, shifted the previous threshold from 60 to 50% of
the total cumulative precipitation.

Nevertheless, considering cumulative convective pre-
cipitation among the intensity classes may misrepresent
the results of the separation algorithm, since the convec-
tive and the stratiform amount of rainfall strictly depends
on the intensity class to which they belong, as shown in
Equation (1). Moreover, the convective rainfall corre-
sponding to higher intensity is certainly associated with a
different atmospheric mechanism than the one related to
lower intensity values. For such reasons, a different
method for obtaining Icr is proposed in this paper. In par-
ticular, it has been noticed that the median value of the
percentage of convective rainfall for a certain month and
intensity increases as the intensity values increase, as a
result of the partitioning procedure. Therefore, it is possi-
ble to set the monthly Icr as the first intensity from which
the median percentage of convective exceeds a certain
value, which would mark it out as predominant on the
stratiform regime (e.g., 50 or 75% whose effects are
assessed in section 3.3).

6 TREPPIEDI ET AL.
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2.4 | Mann–Kendall trend test

The nonparametric Mann–Kendall trend test
(Mann, 1945; Kendall, 1948) is used to verify the presence
of any significant trend in the analysed variables. In this
test, the null hypothesis indicates that the population,
from which the sample is extracted, is characterized by
no trend. Consequently, the existence of a trend is repre-
sented by the alternative hypothesis. To accept or decline
the null hypothesis at a fixed significance level (i.e., αsig)
a comparison between αsig and a local significance level
(i.e., pvalue) is required. This last term is obtained as
follows:

pvalue=2 1−Φ ZSj jð Þ½ �, ð3Þ

where Φ �ð Þ is the CDF (cumulative distribution function)
of a standard normal variate. The standardized test statis-
tic, ZS, follows a standard normal distribution and can be
computed as reported below:

ZS=

S−1
σ

if S>0

0 if S=0
S+1
σ

if S<0

8>>><
>>>:

: ð4Þ

In Equation (4), σ is the variance of the standardized
normal distribution function followed by the Kendall's
S statistic, under the null hypothesis. The S statistic is
computed as the sign function of the difference between
two consecutive observations, namely xi and xj,

S=
Xn−1

i=1

Xn
j= i+1

sign xj−xi
� �

: ð5Þ

The evaluation of trends can be also conducted at the
regional scale through the regional Kendall test (Douglas
et al., 2000; Cannarozzo et al., 2006; Helsel and
Frans, 2006). The Kendall's S statistic is evaluated
through Equation (5) at each location and then the aver-
age, Sm, is computed. The p-value is finally derived from
Equation (3) after that the regional standardized test sta-
tistic, ZR, is obtained as follow:

ZR=

Sm−1
σSr

if S>0

0 if S=0
Sm+1
σSr

if S<0

8>>>><
>>>>:

, ð6Þ

where σSr takes into account the sample numerosity at
each gauge through nl,

σSr=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXm
l=1

nl nl−1ð Þ 2nl+5ð Þ
18

s
: ð7Þ

3 | RESULTS AND DISCUSSION

In this section, the methodology presented in section 2 is
applied and the related results are presented and dis-
cussed. After a preliminary data preprocessing (sec-
tion 3.1), the partitioning algorithm at the regional scale
is applied to obtain the median percentage of convective
events for each month (section 3.2). Finally, once the
monthly critical rate intensity thresholds Icr are obtained,
the convective events at a site scale are identified, allow-
ing to search for spatial patterns and perform trend anal-
ysis of their characteristics (section 3.3).

3.1 | Data preprocessing

The preprocessing of data, as described in section 2.1, is
fundamental to derive the empirical total precipitation dis-
tribution PT Ið Þ. In particular, the 20-min rainfall intensity
time series of all the gauges have been combined and
gathered in rainfall intensity classes, whose width ΔI has
been fixed in section 2.2.3. As an example, Figure 2
shows a comparison between the cumulative precipita-
tion heatmap (i.e., a 2D matrix where the magnitude of
the variable of interest in each cell is represented through
a colour scale) for (a) February and (b) September of the
year 2006, considering (1) ΔI = 0.6mm�20min−1 and
(3) ΔI = 1.8mm�20min−1, which are the upper and lower
bounds of the interval analysed. Considering a generic
20-min time interval (on the x-axis), for each intensity
class (on the y-axis), the colours from red to blue repre-
sent the total precipitation recorded by all the rain gauges
within that class. The black colour, instead, is used to
mark those time intervals in which no events in the
intensity class have been recorded. The subpanels inside
each heatmap provide a zoom of a specific day (i.e., 23rd
February 2006 and 15th September 2006) for
(2) ΔI = 0.6mm�20min−1 and (4) ΔI = 1.8mm�20min−1.
Panels (c) and (d), instead, show the 20-min total precipi-
tation distribution for two dates (i.e., black colour for
1500 LST (UTC+) of the 15th of September 2006 and red
colour for 1700 LST of the 23rd of February 2006) related
to ΔI = 0.6mm�20min−1 and ΔI = 1.8mm�20min−1,
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FIGURE 2 Precipitation intensity heatmap for (a) February and (b) September of the year 2006 at (1) ΔI = 0.6 mm�20 min−1 and

(3) ΔI = 1.8 mm�20 min−1. The colourbar in the right indicates the total precipitation values. The black colour indicates that no rainfall

events are recorded within the considered intensity interval. The subpanels inside each heatmap provide a zoom for 23rd February 2006 and

15th September 2006 for (2) ΔI = 0.6 mm�20 min−1 and (4) ΔI = 1.8 mm�20 min−1. The 20-min precipitation distribution related to the 1500

LST of the 15th September 2006 (black curve) and to the 1700 LST of the 23rd February 2006 (red curve) are depicted for (c)

ΔI = 0.6 mm�20 min−1 and (d) ΔI = 1.8 mm�20 min−1 [Colour figure can be viewed at wileyonlinelibrary.com]
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respectively, while the grey dashed line is the perfect
agreement line. In other words, the black and red curves
are representative of two columns of the above heatmaps,
and the single rainfall events lying on the perfect agree-
ment line are characterized by the same value of intensity
and cumulative precipitation.

For both the months and especially at the lower ΔI
(panels a1 and b1), three different regions can be identi-
fied as a function of intensity; indeed, focusing on the
lower intensity, it is possible to notice that the blue pre-
vails on the other colours and even on the black, mean-
ing that the total precipitation is generally low but, at the
same time, it is more frequent across the month. As a
result of the heatmap definition procedure, these total
precipitation values consider a high number of very low
intensity events that are recorded in the entire region
during the month. As the intensity increases, the total
precipitation assumes greater values but with a lower
occurrence frequency, thus defining an intermediate
region where the yellow colour is noticeable, especially
in some spikes, representing those temporal intervals in
which the whole region was interested in more severe
rainfall events. Finally, in the zone characterized by the
higher values of intensity, the rainfall events are particu-
larly rare, and black becomes the main colour (i.e., no-
occurrence). Moreover, these events are generally due to
single high-intensity precipitation, as it is visible also in
panel (c) and (d), and they are probably dominated by a
convective component. It is also important to highlight
that these kind of spikes in the heatmaps are more fre-
quent in September rather than in February, as featured
by the daily enlargements. From a physical point of view,
this is probably caused by the different climatic condi-
tions in these 2 months, which implies that a seasonality
in the occurrence of convective/stratiform events needs
to be analysed.

The effect of the selection of a wider ΔI is evident
moving from panel (1) to panel (3) for both months.
Indeed, with a higher ΔI, the resolution of the heatmap
worsen, even if the global appearance is maintained.
Moreover, as a result of a wider intensity class, the maxi-
mum total precipitation is likely not to be found in the
higher intensity classes, as it is possible to notice in the
daily zooms and, contemporary, in panels (c) and (d).
Indeed, while for ΔI = 0.6 mm�20 min−1 the maximum
value (i.e., about 40 mm) occurs in mid-September with
an intensity equal to 40 mm�20 min−1, the highest total
precipitation for ΔI = 1.8 mm�20 min−1 (i.e., about
60 mm) occurs the 23rd of February with an intensity
value of 3.6 mm�20 min−1. As depicted in panels (c) and
(d), this aspect is strictly connected to the ΔI width: con-
sidering the smaller ΔI (panel c), the single high-intensity
event (about 40 mm�20 min−1) recorded on the 15th of

September 2006 (the black curve) corresponds to the
maximum value of the total precipitation; by enlarging
the ΔI to 1.8 mm�20 min−1 (panel d), the events recorded
on the 23rd of February 2006 (the red curve) and charac-
terized of intensity around 3.6 mm�20 min−1 fall into the
same class, so that a total precipitation value greater than
40 mm is achieved.

Furthermore, focusing on panels (c) and (d) it is
possible to notice that the 20-min total precipitation
distributions are excessively discrete and do not
always follow a negative exponential curve for both
ΔI = 0.6 mm�20 min−1 and ΔI = 1.8 mm�20 min−1,
not allowing the partitioning procedure as stated in
Tremblay (2005).

For this reason, the heatmaps shown in Figure 2 can
be considered a practical instrument to understand
whether it is possible to use the partitioning algorithm
directly, or it is first necessary to set a higher Δτ. In the
case of this work, after fixing Δτ equal to the 5-day scale,
the total precipitation within each 5-day window has
been aggregated for each intensity class (i.e., across the
rows of the heatmap).

The results of such a procedure are shown in Figure 3,
where the 5-day total precipitation heatmaps related to the
year 2006 are presented, in a similar manner to Figure 2,
for (a) ΔI = 0.6 mm�20 min−1 and
(c) ΔI = 1.8 mm�20 min−1. The same figure shows the 5-
day PT Ið Þ related to the periods (1) 21–25 January, (2)
11–15 June, (3) 26–31 August, and (4) 21–25 November
and for three different ΔI: (a) 0.6mm�20min−1,
(b) 1mm�20min−1, and (c) 1.8mm�20min−1.

As it is possible to observe from the heatmaps (a) and
(c), the aggregation procedure generates a monthly total
precipitation distribution generally decreasing with the
intensity, in clear contrast with the 20-min PT Ið Þ shown
in panels (c) and (d) of Figure 2. It is worth to observe
that this behaviour is more evident for the 5-day intervals
related to the winter months (i.e., from December to
March), where a high PT Ið Þ at the lower intensities is due
to a high number of low-intensity events, which typically
occur in such a period. On the contrary, the ones within
the months from May to August are generally drier and,
for this reason, the 5-day PT Ið Þ in the lower intensity
classes assumes smaller values if compared to those in
the winter months. However, a pattern decreasing with
the intensity is maintained.

These aspects are enhanced by looking at the distribu-
tions for the four 5-day intervals shown in panels (a1–a4),
(b1–b4), and (c1–c4). As an example, passing from January
to June and August, it is possible to notice an important
reduction in the integral of the curves which represents
the total rainfall recorded in the considered time interval,
despite some spikes in correspondence of higher
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intensities are present. In other words, even if the
amount of low-intensity precipitation clearly decreases in
June, and August, this does not happen with the high-

intensity events. This can be considered a consequence of
the fact that these months are generally drier but, at the
same time, they are proportionally more characterized by

FIGURE 3 Precipitation intensity heatmap for the year 2006 at the 5-day scale (a) ΔI = 0.6 mm�20 min−1 and

(c) ΔI = 1.8 mm�20 min−1. The colourbar on the right indicates the total precipitation values within the intervals. The black colour indicates

that no rainfall events are recorded within the considered intensity interval in the considered 5-day interval. The remaining panels show the

PT(I) for (1) 21–25 January, (2) 11–15 June, (3) 26–31 August, and (4) 21–25 November combined with (a) ΔI = 0.6 mm�20 min−1,

(b) ΔI = 1 mm�20 min−1, and (c) ΔI = 1.8 mm�20 min−1 [Colour figure can be viewed at wileyonlinelibrary.com]

10 TREPPIEDI ET AL.

 10970088, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.7758 by U
niversity D

egli Studi D
i Palerm

o, W
iley O

nline L
ibrary on [28/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


high-intensity events. Finally, concerning the 5-day inter-
val related to November, the general behaviour of the
total precipitation distribution is more similar to the one
in January, even if some high-intensity spikes can be
identified between 5 and 15 mm�20 min−1.

Passing from the first to the third column of Figure 3,
the main consequence of a wider ΔI is that the total pre-
cipitation distribution becomes smoother and smoother.
Furthermore, by observing the PT Ið Þ curves related to
21–25 November (i.e., panels a4–c4), it is noteworthy that
the maximum value of PT Ið Þ is not always reached in the
first intensity class. This aspect, in general, tends to
become less important or disappear as ΔI increases.

3.2 | Partitioning procedure

The application of the partitioning algorithm to the 5-day
precipitation distribution allows classifying the percent-
age of convective and stratiform components considering
all the intervals in the period 2002–2020. Figure 4 shows
the results of the algorithm described in section 2.2.2

when applied to the same cases of Figure 3, namely
(1) 21–25 January, (2) 11–15 June, (3) 26–31 August, and
(4) 21–25 November of the year 2006, for
(a) ΔI = 0.6 mm�20 min−1, (b) ΔI = 1 mm�20 min−1, and
(c) ΔI = 1.8 mm�20 min−1. The black and the red solid
lines represent the total precipitation distribution and its
stratiform component represented by the negative expo-
nential curve, respectively, while the convective amount
of rainfall for each class of intensity is depicted with the
grey bars.

At a first sight, the results seem to confirm that the
algorithm is not significantly affected by the ΔI consid-
ered. Indeed, by observing the convective bars for the
whole panels, it is possible to notice that these are mainly
located in the right part of the total precipitation distribu-
tion, namely that there is a predominant convective rain-
fall at high rainfall intensity classes. This aspect confirms
what Tremblay (2005) affirmed about the characteristics
of convective precipitation, such that for a certain dura-
tion (i.e., 20 min in the case of this study) it is likely that
the convective precipitation is generally characterized by
higher intensity values. Moreover, this aspect is enhanced

FIGURE 4 Results from the application of the partitioning procedure for the same combinations between 5-day interval and ΔI
depicted in Figure 3. The black lines represent the 5-day total precipitation distribution, while the red lines stand for the stratiform

component (i.e., the negative exponential curve). The grey bars, instead, quantify the convective amount of rainfall for each class of intensity

[Colour figure can be viewed at wileyonlinelibrary.com]
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for the 5-day windows in the driest months (i.e., June
and August), confirming what other authors have found
about a greater occurrence of convective events during
the summer months. As an example, Sottile et al. (2021)
found a seasonality in the percentage of convective events
in Sicily, with the highest ones from May to October,
despite the authors used a different framework and pre-
processing of data. Concerning other regions in the Medi-
terranean Muñoz-Díaz and Rodrigo (2006) indicate the
important role of local and convective processes in the

summer and autumn seasons for Spain, as well as Nastos
et al. (2014) suggest that these seasons are more inter-
ested in convective events due to the high lightning
activity.

Nevertheless, it is also possible to affirm that a lower
ΔI would be excessively close to the resolution of the
gauges used (i.e., 0.2 mm�20 min−1 for the SIAS network)
and, during the aggregation procedure, an excessively
jagged pattern of the total precipitation distribution
would be generated, resulting in a difficult fitting of a

FIGURE 5 Median percentage of convective rainfall with respect to the intensity class, as a function of the month (e.g., the panels) and

the ΔI (e.g., the colours). In particular, red, green, blue and purple curve stands for 0.6, 1, 1.4 and, 1.8 mm�20 min−1, respectively [Colour

figure can be viewed at wileyonlinelibrary.com]
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negative exponential curve. This aspect would determine,
in turn, an overestimation of the convective component
especially for the lower intensities, since a great number
of local peaks result in overfitting of the negative expo-
nential law, as highlighted by Ruiz-Leo et al. (2013).
Indeed, too much low ΔI lead to a greater variability of
PT Ið Þ even for low-intensity values, thus resulting in an
increased probability that no values are present in that
classes. This aspect tends to excessively raise the
b parameter of the negative exponential curve, and, in
turn, to generate a high convective amount at all intensi-
ties, misrepresenting the outcome of the algorithm. On
the other side of the spectrum, the wider the ΔI, the
greater the probability that the PT Ið Þ is over-discretized.
Evidence of this aspect can be noticed considering the
21–25 January interval for all the considered ΔI
(i.e., panels a1, b1, and c1). Indeed, considering panel a1
(e.g., 0.6mm�20min−1), there is an almost perfect overlap
between PT Ið Þ and the negative exponential curve, while
moving to panel c1 (e.g., 1.8mm�20min−1) the fitting has
been avoided, since forcing the curve for less than 4 points
would have probably led to unrealistic results. Focusing
on panel b1, instead, it is possible to observe that the dif-
ferences between PT Ið Þ and the negative exponential
curve are caused by the mathematical framework of the
algorithm and result in an overestimation of the convec-
tive amount of rainfall in the first class of intensity, as
suggested by Ruiz-Leo et al. (2013).

For this reason, a consequence of the choice of a
wider ΔI is the decreasing capacity of the algorithm to
separate the regimes at the lower intensity class.

Ruiz-Leo et al. (2013) and Feloni et al. (2019) sug-
gested calculating the percentage of convective rainfall as
the integral of the area between the total and the strati-
form curve. Here a different procedure is suggested, tak-
ing into account the differences between various
intensity classes or, in other words, giving importance to
the atmospheric processes that support the formation of
convective rainfall. In particular, considering a generic
5-day distribution, the percentage of convective rainfall
can be derived as the ratio between convective and total
precipitation for each intensity class considered. Once
this process has been repeated for all the 5-day distribu-
tions in the period 2002–2020, it is possible to have a
sample of convective rainfall percentages for all the
intensity classes taken into account.

Figure 5 shows the median value of the percentage of
convective rainfall as a function of the intensity class, for
fixed the month (e.g., the panels) and the ΔI (e.g., the col-
ours); one can observe that the median value tends to
increase moving from low to higher intensities, and this
occurs regardless of the month. There is a clear correla-
tion between the highest intensities reached and the

months analysed; in particular, from June to November,
months have been interested in events characterized by
higher intensities (i.e., even more than 30 mm�20 min−1),
that are generally classified as convective according to
the algorithm here proposed, since the corresponding
median percentage of convective rainfall is about 100%.
On the contrary, the maximum intensities that character-
ize the months from December to May are definitely
lower, with exception of a few isolated situations.

About the differences among the various ΔI, it is
worth noticing that they are significant from June to
November while becoming negligible from January to
May and in December. The greater variability in the sum-
mer/autumn months could be due to the presence of a
smaller number of rainfall data recorded, which may
reduce the sensitivity of the algorithm in separating the
two regimes, especially when high values of ΔI are con-
sidered, as stated in section 2.2.3 where the model depen-
dencies have been analysed.

3.3 | Detection of convective events

Once the median values of the percentage of convective
rainfall have been identified for each class of intensity, it
is possible to derive a median value of the critical inten-
sity threshold Icr for each month and for each ΔI consid-
ered. As introduced in section 2.3, the monthly Icr has
been derived as the first intensity value which ensures
that the median values of the percentage of convective
rainfall exceeds a certain limit (hereinafter λ). In particu-
lar, two λ have been tested, namely the 50 and 75%. In
other words, the monthly Icr can be considered a simple
method that allows detecting, at the site scale, those
events in which the convective component is predomi-
nant at the 50 and 75% on the median behaviour. The
use of these two thresholds, instead of 50% only, has been
preferred to consider the uncertainty caused by a binary
classification of rainfall regimes. Figure 6, which reports
the monthly Icr values for (a) λ = 50% and (b) λ = 75%
and (1) ΔI = 0.6mm�20min−1, (2) ΔI = 1mm�20min−1,
(3) ΔI = 1.4mm�20min−1 and, (4) ΔI = 1.8mm�20min−1,
highlights that the monthly Icr increases as the λ
increases, since an event is likely to be classified as con-
vective with more confidence at the higher intensities.
Focusing on ΔI = 0.6mm�20min−1, a seasonality in the
Icr can be observed regardless of the λ considered. As an
example, focusing on panel a1, it is worth to notice that
the Icr is lower in July (i.e., about 2.5mm�20min−1),
while it doubles in January (i.e., about 5mm�20min−1).
Indeed, it is likely that the convective component is pre-
dominant even for lower intensity values during the sum-
mer period when it is favoured by higher air temperature
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and relative humidity. This behaviour is identifiable also
in panel b1, but with higher intensity values, as previ-
ously mentioned. Icr decreases from January to July,
where it reaches the minimum for all the λ and then it
increases toward the winter months. As opposed to the
pattern shown for 0.6mm�20min−1, the seasonal behav-
iour disappears moving to the higher ΔIs and λ. In partic-
ular, if on the one hand, it is possible to recognize a
similar pattern for λ = 50% and the others ΔIs
(i.e., panels a2, a3, and a4), the interseasonal variability of
Icr appears excessively high considering λ = 75%. As pre-
viously introduced, this behaviour is due to a loss of sen-
sitivity of the algorithm in identifying convective rainfall
as the ΔI parameter increases, which could lead to a mis-
classification of convective events (i.e., classifying as con-
vective events that may be mainly stratiform or vice
versa).

Considering the results shown in Figures 5 and 6,
therefore, the monthly median Icr values for
ΔI = 0.6mm�20min−1 have been chosen for the at-site
classification and so used to identify the convective
events in the 20-min time series for all the gauges consid-
ered. In particular, all the events characterized by rainfall
depth greater than the corresponding monthly median Icr
values are considered as convective, while the others are

supposed to be mainly stratiform. Nevertheless, a further
consideration when defining convective events needs to
be carried out. Differently from the previous works where
the time series are characterized by a 6-hr time resolu-
tion, the data here used have a higher temporal fre-
quency (i.e., 20-min), implying that continuous
exceedances of Icr may refer to the same convective
event. To preserve the condition of independence for the
identified events, it has been imposed that the two con-
secutive convective events must be separated by a mini-
mum duration of 1 hr to be considered independent
(Sottile et al., 2021). Once this aggregation procedure is
applied, for each convective event is possible to derive
(i) the peak of the event (i.e., as the maximum value
recorded) and (ii) the total convective precipitation
(i.e., the sum of all the values that exceed Icr).

Figure 7 summarizes the results obtained through this
detecting procedure. In particular, panel (a) displays an
example of the aggregation procedure for the Catania
rain gauge. As it is possible to observe, considering the Icr
value for λ = 50%, ΔI = 0.6mm�20min−1 and the related
month, two different convective events can be identified
on the 16th of November 2018. With this in mind, by
considering the ensemble of the ground stations that
have worked continuously since 2006, panels (b1) and

FIGURE 6 Monthly median critical

intensity threshold Icr values for

(a) λ = 50% and (b) λ = 75% considering

(1) ΔI = 0.6 mm�20 min−1,

(2) ΔI = 1 mm�20 min−1,

(3) ΔI = 1.4 mm�20 min−1, and

(4) ΔI = 1.8 mm�20 min−1 [Colour figure

can be viewed at

wileyonlinelibrary.com]
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(b2) show the at-site annual average number of events
classified as convective considering λ = 50% and λ = 75%,
respectively; panels (c1) and (c2), instead, show the at-site
annual average percentage of convective rainfall for the
same λ. Both latter variables have been obtained by aver-
aging the annual values for each station and, for sake of
completeness, their spatial distribution in each year

considered is reported in Figures S1–S4, Supporting
Information.

On the base of the average occurrence of convective
events (i.e., panels a1 and a2), Sicily could be divided into
two zones: the west and central part of the island, gener-
ally interested by few convective events in a year
(i.e., from five to about 10 on average for λ = 50%, but

FIGURE 7 Example of the aggregation procedure (a) related to 16th of November 2018 for Catania rain gauge considering the Icr value

for λ = 50%, ΔI = 0.6 mm�20 min−1 and November. The other panels show the spatial distribution of (b) the average annual occurrence of

convective events and (c) the average annual percentage of convective rainfall for (1) λ = 50% and (2) λ = 75%, obtained by considering the

monthly median Icr related to 0.6 mm�20 min−1 [Colour figure can be viewed at wileyonlinelibrary.com]
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this number decreases considering panel a2), and the east
side, where most of these kinds of events are concen-
trated. In particular, by looking at the eastern and the
northeastern zone it is worth to notice that an important
number of stations is characterized by more than 10 con-
vective events per year on average.

Moving to the spatial distribution of the average
annual percentage of convective rainfall (panels b1 and
b2), a similar pattern can be observed. Even in this case,
most of the gauges with the highest average annual per-
centage of convective rainfall for each λ are in the eastern
part of the island. This outcome was partially expected
due to the presence of the Etna volcano and the Pelori-
tani and Nebrodi mountains in this area; indeed, the
warm and humid air coming from the south, especially
during the summer, runs into this orographic barrier and
cools rapidly as it lifts, thus generating convective heavy
rainfall (Caccamo et al., 2017). Nevertheless, this result is
alarming since the catchments in the Peloritani moun-
tains have morphological characteristics that make con-
vective events even more dangerous, increasing the risk
of flash floods or debris flows (Aronica et al., 2012;
Arnone et al., 2016).

3.3.1 | Results comparison with Sottile
et al. (2021)

Before performing the trend analysis, the results' consis-
tency has been verified by comparing them with Sottile
et al. (2021) outcomes. It is worth to specify that Sottile
et al. (2021) used classification of the rainfall regimes into
four classes (i.e., “definitely convective,” “possible

convective,” “slightly convective,” and “stratiform”) and,
for this reason, it has been first necessary to relate these
categories to binary classification. In particular, the “defi-
nitely convective” and “possible convective” events are
here considered as belonging to the convective regime,
while the other to the stratiform one. To ensure a coher-
ent comparison, the only rain gauges common to both
works (i.e., 40 stations) have been selected over the same
operating period (i.e., 2002–2018). Figure 8 provides a
comparison between (a) the monthly absolute number of
convective events and (b) the monthly percentage of con-
vective precipitation using λ = 50% and λ = 75% depicted
by the red and green curves, respectively, and the out-
comes obtained from Sottile et al. (2021) identified by the
blue curve.

As it is possible to observe from both the panels, the
seasonal behaviour of the two variables is caught and
maintained from the proposed approach. More specifically,
for both the classifications, panel (a) shows that the highest
values in the occurrence of convective events occur in
September/October (i.e., from about 700 to 1,200 convec-
tive events per month affect Sicily in the period 2002–
2018). Moving to panel (b), instead, the highest percentages
of convective rainfall affect the summer season (i.e., from
50 to 60%). The apparent contrast between the position of
the peaks in the latter panels is justified by the fact that the
greater number of convective events generally recorded in
the autumn is balanced by a greater amount of stratiform
precipitation; summer months, instead, are generally drier,
but the limited number of events that characterize these
seasons are probably predominantly convective.

Another aspect that deserves to be considered is that
the curves related to Sottile et al. (2021) lie between

FIGURE 8 Comparison between

(a) the monthly absolute number of

convective events and (b) the monthly

percentage of convective precipitation

using λ = 50% and λ = 75% (i.e., the red

and green curve, respectively) and the

outcomes obtained from Sottile et al.

(2021) (i.e., the blue curve). The grey

shaded area represents the differences

between the two λ [Colour figure can be

viewed at wileyonlinelibrary.com]
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λ = 50% and λ = 75% for almost every month. In particu-
lar only one point is outside the shaded area in panel
(a) (i.e., the one related to June), even if the local pattern,
that is, the presence of a peak in June, is captured by the
proposed method.

3.3.2 | At-site and regional trend analysis

Finally, Figure 9 shows the Mann–Kendall trend analysis
results, carried out using a level of significance equal to
0.1, for the peak of convective events (i.e., panels a1 and
a2) and the total convective precipitation (i.e., panels b1
and b2), considering λ = 50% and λ = 75%. In all the
panels, the cross symbol points out the gauges where no
significant trend has been detected, while the coloured
triangles pointing up (pointing down) represent the
gauges interested by a significant increasing (decreasing)
trend.

Observing the findings of the trend analysis, it is pos-
sible to notice that about 90% of the gauges are character-
ized by the absence of any trend for both the variables
considered. Nevertheless, when detected, the general

behaviour of the significant trend is related to an increase
in the considered variable, as evidenced in previous
works albeit with different methods and datasets
(Arnone et al., 2013; Treppiedi et al., 2021). Moreover,
considering panels (a1) and (b1), two possible clusters of
sites showing increasing trends are maintained for both
the variables: the largest one connects the northwest to
the southeast corner, while the second one is related to
the Peloritani area (i.e., the northeast zone). The regional
Kendall test has been applied to check if a general behav-
iour in the trend direction can be identified through the
whole region. It has been obtained that the null hypothe-
sis (i.e., no trend detected) has been rejected for the peak
of convective events considering λ = 50% and λ = 75%,
considering a level of significance equal to 0.05 and 0.1,
respectively. Hence, there is evidence for a significant
concordance in the trend signs considering the whole
region. Indeed, the most of stations shows a positive sign,
even if for the at-site Mann–Kendall test it is significant
only for only a limited number of them. In the case of the
total convective precipitation, instead, it has been found
that a positive trend can be identified for λ = 50%
(i.e., level of significance equal to 0.05), while it is not

FIGURE 9 Trend analysis results for (a) the peak of convective events and (b) the total convective precipitation for (1) λ = 50% and

(2) λ = 75%. The cross symbol stands for the gauges where no significant trend has been detected, while the coloured triangles pointing up

(pointing down) represents the gauges interested by a significant increasing (decreasing) trend. The p-value from the regional Kendall test is

shown in the bottom-left corner of each panel [Colour figure can be viewed at wileyonlinelibrary.com]
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significant for λ = 75%. The associated p-values are
reported in the bottom-left corner of each panel in
Figure 9.

4 | CONCLUSIONS

Separating convective and stratiform rainfall is still today
an open challenge, especially because of the difficulty in
defining a clear distinction between the two rainfall com-
ponents. At the same time, the study of convective rain-
fall is essential to better understand the dynamics that
generate them and to plan proactive measures that could
reduce the risk of important consequences (e.g., human
life losses and economic damages). The shadow of a
changing climate makes these aspects even more alarm-
ing, due to the possibility of an increase in the occurrence
of such severe events.

In this work, the algorithm proposed by Tremblay
(2005) has been modified and applied to separate the con-
vective and the stratiform regime at the monthly scale for
Sicily (Italy). Starting from a high-resolution regional
rainfall dataset, provided by the SIAS for the period
2002–2020, the 20-min precipitation time series have
been grouped in a certain number of intensity classes, to
derive the 5-day total precipitation distribution. This
curve, describing how the total precipitation depth tends
to decrease with the intensity, allows to model the strati-
form component as a negative exponential law and, con-
sequentially, to obtain for the difference the convective
one for each class of intensity. The application of the
model involved some modifications together with a care-
ful analysis of its dependencies, such as the sample
numerosity, the average time interval of reference and,
the intensity bin size, namely ΔI. In particular, while the
previous studies based on this algorithm used an empiri-
cal method for choosing the ΔI, in this work a sensitivity
analysis of this parameter has been carried out with the
aim not to find its “optimal” value, but to analyse its
influence on the results.

It has been found that the algorithm provides results
that are consistent with previous studies, namely that the
median percentage of convective rainfall tends to
increase as the intensity increases, regardless of the
month considered. Nevertheless, it has been found that
for some fixed percentages, the related intensity is lower
in the summer months with respect to the other seasons,
especially for the lowest ΔI considered. From a physical
point of view, this aspect could be motivated by the fact
that, during these months, the convective regime results
predominant even for lower intensities due to the higher
air temperature and relative humidity that characterized
the Mediterranean climate.

The monthly critical intensity thresholds Icr have
been defined to move from the regional to the at-site spa-
tial scale. For each month, the threshold has been
derived as the first intensity value that overcomes a
median percentage of convective rainfall equal to 50 and
75%. Indeed, the higher the latter limit, the “more con-
vective” the event that is identified. Indeed, representing
the value of intensity from which the convective regime
starts prevailing on the stratiform one, this threshold
allows for detecting the convective events from the
20-min time series for each gauge under study. In partic-
ular, once the convective events are clustered, some
related variables have been extracted from the series,
namely the peak (i.e., the maximum intensity value) and
the total convective precipitation, and calculated for each
point of measurement, namely the annual occurrence
(i.e., the number of exceedances in a year) and the annual
percentage of convective rainfall. By averaging the latter
two variables over the considered period, it has been
noticed that the east side of the island is the most affected
by convective events, probably due to the orography of
that area. Moreover, the morphological characteristics of
this part of the island make this aspect more alarming
about the attitude toward generating flash floods and
debris flows. The results obtained through this framework
are also consistent with those provided by Sottile et al.
(2021). Indeed, both the classifications reveal a seasonality
in the occurrence of convective events and the percentage
of convective rainfall. In particular, summer months are
characterized by higher values of convective rainfall, while
the most convective events occur in September and
October. Finally, by applying an at-site trend analysis on
the peak and the total convective precipitation values, it
has been found that most of the gauges do not reveal sig-
nificant trends, despite the greatest part of the significant
ones shows an increasing sign, that is, an increase in the
convective rainfall in those sites.
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