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A B S T R A C T

This work proposes a new method for hail precipitation detection and probability, based on single-polarization
X-band radar measurements. Using a dataset consisting of reflectivity volumes, ground truth observations and
atmospheric sounding data, a probability of hail index, which provides a simple estimate of the hail potential,
has been trained and adapted within Naples metropolitan environment study area. The probability of hail has
been calculated starting by four different hail detection methods. The first two, based on (1) reflectivity data and
temperature measurements and (2) on vertically-integrated liquid density product, respectively, have been se-
lected from the available literature. The other two techniques are based on combined criteria of the above
mentioned methods: the first one (3) is based on the linear discriminant analysis, whereas the other one (4) relies
on the fuzzy-logic approach. The latter is an innovative criterion based on a fuzzyfication step performed
through ramp membership functions. The performances of the four methods have been tested using an in-
dependent dataset: the results highlight that the fuzzy-oriented combined method performs slightly better in
terms of false alarm ratio, critical success index and area under the relative operating characteristic. An example
of application of the proposed hail detection and probability products is also presented for a relevant hail event,
occurred on 21 July 2014.

1. Introduction

Metropolitan areas are more and more prone to impact of severe
convective events, such as hailstorms, convective outbreaks, wind
storms and, in some cases, thunderstorms (e.g., Baumgart et al., 2008;
Changnon, 2001; Doswell et al., 2006; Dotzek et al., 2009; Farnell et al.,
2017; Gatlin and Goodman, 2010; Kunkel et al., 2013; Marzano et al.,
2012; Rigo and Pineda, 2016; Roberts et al., 2006; Schultz et al., 2009;
Schuster et al., 2006; Tilford et al., 2002; Tuovinen et al., 2009). The
increase of urban meteorological risk is due not only to the growth of
precipitation intensity in terms of temporal and spatial patterns (very
often attributed to the effect of climate change at regional scales), but
also to the growing vulnerability of metropolitan infrastructures and
settlements (Koussis et al., 2003; Llasat et al., 2009; Llasat et al., 2008).
In this respect, civil protection can be more effective if prevention ac-
tions and observation systems are planned in advance (Komendantova
et al., 2014).

The weather radars have been involved in the development of

severe events monitoring and nowcasting techniques: the radar ob-
servations, in fact, have been used to implement extrapolation methods,
which include cross-correlation tracking (e.g. Lai, 1999; Li et al., 1995)
and centroid tracking (e.g. Han et al., 2009; Handwerker, 2002)
methods. Moreover, some nowcasting applications rely on the optimal
merging between radar data and rain-gauge measurements (e.g. Erdin
et al., 2012). However, nowadays, the nowcasting and monitoring
system have involved also the use of satellite data (e.g. Mecikalski and
Bedka, 2006; Sieglaff et al., 2013), as well as the one of numerical
weather prediction models (e.g. Sun et al., 2014; Weisman et al., 2008).
The use of weather radar is also of interest for the modelling of urban
drainage, since high-resolution rainfall estimates can be used as suitable
inputs for forecast systems (Berenguer and Sempere Torres, 2012;
Villarini et al., 2010).

The usefulness of weather radar in urban environments can be also
exploited for near real-time detection of hail precipitation (e.g.
Matrosov et al., 2013), one of the most diffuse and harmful convective
hazard. Hail events are typically highly localized, due to their
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significant time-space variability (Farnell et al., 2016; Sánchez et al.,
1996; Sioutas et al., 2009), and can be monitored, with ground ob-
servational networks, only through hailpads and/or electronic hail
detection sensors (Löffler-Mang et al., 2010; Morgan and Towery,
1975). However, the widespread diffusion of those networks is limited
by management problems (hailpads) and high costs (electronic sen-
sors). As discussed by Kunkel et al. (2013), hail and all severe con-
vective hazards, including tornadoes and thunderstorm winds, are
considered in the lowest category of detection knowledge. Most of
available information on hailstorms and their occurrence is typically
derived from hailstorm reports provided by volunteers (Allen and
Tippett, 2015; Schuster et al., 2005; Tuovinen et al., 2009). These re-
ports are inevitably subjected to biases, determined by population
density and local circumstances. Weather radars appear to be invalu-
able instruments for detection and estimation of hail, also because their
volumetric scan allows probing the vertical extension of thunderstorm
cells. The latter constitutes a key-information for hail detection targets:
as highlighted by Delobbe et al. (2003), in fact, there is a relevant
connection between the vertical development of a convective cloud and
its severity.

Nowadays, the most-innovative approaches developed to distin-
guish between raindrops and hailstones take advantage of dual-polar-
ization weather radar features (e.g. Aydin et al., 1986; Bechini and
Chandrasekar, 2015; Chandrasekar et al., 2013; Marzano et al., 2007,
2010; Picciotti et al., 2013; Straka et al., 2000; Vulpiani et al., 2015),
which allow to detect the hail precipitation through the differential
reflectivity and the others polarimetric parameters. The only measure
provided by single-polarization weather radars, apart from Doppler
moments, is the horizontally-polarized reflectivity (Z), which do not
allow discriminating among different types of hydrometeors. However,
some features in Z measurements, such as the occurrence of high re-
flectivity cores above the melting layer height (e.g. Burgess and Lemon,
1990; Donavon and Jungbluth, 2007) and the appearance of a parti-
cular radar signature, named “flared-echo” or “three-body scatter sig-
nature” (e.g. Lemon, 1998; Zrnić, 1987), can be used as proxies of the
physical processes related to the hail growth (Kunz and Kugel, 2015;
Puskeiler et al., 2016; Skripniková and Řezáčová, 2014).

Several techniques for identifying hailstorms from single-polariza-
tion radar measurements have been proposed; an extended overview
can be found in Holleman (2001), as well as in Skripniková and
Řezáčová (2014). Mason (1971) developed a simple criterion for hail
detection, based on the occurrence of reflectivity cores> 55 dBZ; this
method has been successfully applied and tested in subsequent studies
(e.g. Hohl et al., 2002; Schuster et al., 2006). Some approaches have
exploited threshold values for a hail-related quantity, such as re-
flectivity in low-level constant-altitude plan-position-indicator (CAPPI)
data (Geotis, 1963), vertically-integrated liquid density (Amburn and
Wolf, 1997) or the difference in altitude between the height attained by
45-dBZ reflectivity core and the freezing level (Waldvogel et al., 1979).
Witt et al. (1998) determined a probability function for severe hail,
evaluating the performance of a hail detection algorithm based on
Waldovogel's method. Holleman (2001), using different source of on-
ground observations, such as synoptic stations, agricultural insurance
companies, reports from weather amateurs and newspapers, verified
the performance of eight different hail detection products. Several
studies have proposed a merge between radar data and other meteor-
ological measurements, such as aerological data and infrared cloud-top
temperatures from satellite imagery (Auer, 1994; Hohl et al., 2002;
Kunz and Kugel, 2015; Waldvogel et al., 1979; Witt et al., 1998). An
interesting hail identification technique has been considered by
Ceperuelo et al. (2009), based on kinetic energy flux as a discrimination
between hail and no-hail precipitation in the studied area. Recently,
Skripniková and Řezáčová (2014) have tested some of the hail detection
criteria just mentioned for both Czech Republic and Germany. Kunz and
Kugel (2015) have evaluated hail signals from C-band single-polariza-
tion radar features both for single cases and over a 15-years period in

the southwestern Germany. An estimation of the hail signals in the
whole Germany has been also provided by Puskeiler et al. (2016),
which have applied the algorithms developed by Mason (1971) and
Waldvogel et al. (1979). Nisi et al. (2016) present a 13-years hail cli-
matology for Switzerland and adjacent countries, using two radar-based
hail detection products, the probability of hail and the Maximum Ex-
pected Severe Hail Size. The latter have been computed using the
highest altitude at which a radar reflectivity of at least 45 and 50 dBZ
can be detected.

Most of single and dual-polarization fixed weather radars operate at
S-band (3-cm wavelength) and at C-band (5-cm wavelength); however,
such systems require a high cost for purchasing, as well as for infra-
structure and maintenance. An appealing alternative to S-band and C-
band fixed systems is represented by X-band radar systems. Although
the latter are limited in their capabilities by beam attenuation along the
path, at short-range they may exhibit performance comparable with
conventional systems, but typically with lower purchasing, installation
and maintenance costs (Montopoli et al., 2010; Van de Beek et al.,
2010). The latter characteristics render X-band systems very appealing
for the development of products and applications useful for severe
weather surveillance in urban areas and small-scale basins (e.g.,
Anagnostou et al., 2004; Bechini et al., 2013; Figueras i Ventura et al.,
2013; Marzano et al., 2010, 2012; Matrosov et al., 2005; Montopoli
et al., 2010; Van de Beek et al., 2010).

This work, using single-polarization X-band reflectivity data, aims
to develop an innovative hail detection and probability algorithm,
named hailstorm fuzzy-oriented and detection (HFOD). The latter is
based on a merging, performed means of fuzzy logic, of the outcomes of
two well-known techniques: the first one exploits the difference of
height (DOH) between the altitude attained by a determined reflectivity
core and the zero-degree isotherm, as proposed by Waldvogel et al.
(1979), whereas the second one is based on the vertically-integrated
liquid density (VLD) product, proposed by Amburn and Wolf (1997).
The information, provided by these two different hail detection tech-
niques, have been also merged using the Linear Discriminant Analysis,
which allows determining a combined criterion (CMB) through a simple
linear approach. The four different algorithms (DOH, VLD, CMB and
HFOD) have been trained and tested in a pilot study area: the Naples
metropolitan environment. The statistical evaluation of the hail detec-
tion algorithms has been quantified by using standard verification
scores (i.e., probability of detection, false alarm ratio, probability of
false detection, critical success index, relative operating characteristic),
derived from 2-by-2 contingency table.

This paper has the following structure. Section 2 provides a de-
scription of the study area, as well as information about the meteor-
ological scenarios that commonly affected it. Moreover, this section
describes the radar data processing and the thunderstorm events ex-
amined. The selected algorithms for hail detection are illustrated and
discussed in Section 3. The verification scores used in statistical analysis
and the results of the study are presented in the fourth section. The
latter is devoted also to an application of the hail detection and prob-
ability products at a strong hail event occurred in July 2014. Conclu-
sions are finally drawn together with prospects for future research.

2. Area of study, radar data and description of thunderstorm
events

This section describes the features of the geographical area of in-
terest and the variability of the considered meteorological scenarios.
Moreover, it provides information about weather radar characteristics
and the selected database of thunderstorm events.

2.1. Study area and meteorological scenarios

The region of study, located in Southern Italy, includes the Naples
metropolitan area (which has a population of about 3 millions of
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inhabitants), the central and northern coastal sectors of Campania
Region, the plain of Caserta and the western side of Campania Apennine
reliefs (Fig. 1a).

In cold season (November to April), the convection is usually trig-
gered by cold fronts or cold occlusions, which are associated to the
passage of atmospheric transients developed from the polar front.
Moreover, in wintertime, the region of interest is sometimes affected by
polar maritime air masses, coming from the North-Atlantic. The latter,
crossing the relatively warm surface of Tyrrhenian Sea, may experience
a heating in their bottom layers. This mechanism can lead to the de-
velopment of thunderstorm cells over the sea surface, that may affect
also the coastal sectors, causing hail (or seldom graupel) precipitation.

The thunderstorm events that affect this area in the warm season
(May to October) are mainly triggered by the interaction between
small-scale mechanism and synoptic-scale flow. The analysed region is
bounded on the north by Matese mountains and on the east by
Campania Apennine, which have height values of> 2000 and 1500 m,
respectively. These two orographic features constitute an important

factor in the mesoscale meteorology of the region, enhancing convec-
tion systems development, especially in summer season. During warm
season, convection can be even triggered by the low-level convergence
between diurnal sea-breeze and synoptic-scale flow, when an unstable
environment is present. This mechanism usually occurs in the inland
sectors (at a distance of about 20–30 km from the coast) and, in com-
bination with orographic forcing, can cause the development of hail
producing thunderstorms.

Sea-air interactions also play a crucial role in storm activity: in the
early part of fall season, when sea surface temperatures reach the
maximum value (≅26 °C), coastal areas are sometimes affected by
heavy thunderstorms, that are able to produce considerable rainfall
accumulation (> 100 mm) in a relatively short time.

The mechanisms that force convection in our study area are similar
to the ones typical of Mediterranean region. As an example, Price and
Federmesser (2006) highlight that the Mediterranean winter thunder-
storms are associated with synoptic weather systems and that they are
in direct link with the location and the intensity of the mid-latitude jet

(a)

(b)

WR-10X

Fig. 1. In (a), a map of study region including radar
location (filled-in red circle) is presented. Circular line
at 72 km from Naples Castel Sant'Elmo indicates the
limit of the area covered by radar. In (b), WR-10X
installation at Naples Castel Sant'Elmo Site is shown.
(For interpretation of the references to color in this
figure legend, the reader is referred to the web version
of this article.)
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stream. Lebeaupin et al. (2006) highlight that the Mediterranean sea,
still warm in the first part of fall season, can supply moisture and heat
to the low-level of troposphere, enhancing the development of con-
vective instability. Moreover, the convergence between sea breeze and
large-scale flow has been recognized as an important mechanism for
thunderstorm development also in the Iberian Peninsula (Azorin-
Molina et al., 2009).

2.2. Radar characteristics and data quality control

An X-band single-polarization weather radar, named WR-10X
(Fig. 1b), has been installed in Naples' urban area, on November 2011,
at the top of Castel Sant'Elmo (40.8438°N, 14.2385°E, 280 m above sea
level). The radar belongs to the meteorological monitoring network of
the Campania Center for Marine and Atmospheric Monitoring and
Modelling (CCMMMA), which is financed by the University of Naples
“Parthenope”. The first research activities that have involved WR-10X
measurements have addressed topics related to the quality control of
radar data and to the improvement of WR-10X quantitative precipita-
tion estimates (Capozzi et al., 2014). Moreover, some preliminary stu-
dies have been devoted to generate radar-based hail detection products
(Capozzi et al., 2015, 2016; Marzano et al., 2012).

The WR-10X collects reflectivity measurements using a scan
strategy that involves six antenna elevation angles, ranging from 1.0 to
10.0°. The volume scan is performed every 10 min, with a pulse re-
petition frequency of 800 Hz, a resolution in range of 0.3 km and a
resolution in azimuth of 3.0°. A complete volume scan is carried out in a
time of 3 min for a maximum range of 72 km. The raw Z measurements
collected by WR-10X are affected by some common range-dependent
and systematic errors, which include the ground and sea clutter, the
beam obstruction by mountain reliefs and the beam attenuation along
the path. These effects and their correction and/or mitigation are
briefly discussed in the following items (a more detailed description can
be found in Capozzi et al., 2014):

1. In order to remove the noise caused by ground clutter, a statistical
filter has been developed. The latter is based on three main com-
ponents: entropy, texture and median filtering (Montopoli et al.,
2010).

2. The approach used to eliminate sea clutter noise is based on the
analysis of vertical reflectivity profiles (Alberoni et al., 2001).
Generally, in fact, vertical reflectivity profiles are smooth and reg-
ular in rainy conditions, whereas in sea clutter circumstance a
broken profile is often detected.

3. In order to minimize the effects of partial beam blockage caused by
surrounding topography, we have applied the correction scheme
proposed by Fulton et al. (1998). This scheme is applied to beams
partially obstructed, i.e. only when the level of beam occultation lies
between 10% and 60%, and consists of modifying the reflectivity
factor measurements by adding 1 to 4 dBZ depending on the degree
of occultation.

4. The two-way attenuation along the path, together with other
sources of error, such as calibration errors, side lobe effects,
shielding and range-dependent errors, can adversely affect the
ability of weather radar to provide accurate measurements of ver-
tical profile of reflectivity (Delobbe and Holleman, 2006). This
problem has a significant importance at X-band (e.g. Delrieu et al.,
1999a, 1999b) and it is highly dependent on rainfall intensity
(Marzano et al., 2003). The WR-10X weather radar, being a single-
polarization system, cannot exploit polarimetric capabilities, which
allow, nowadays, developing the most efficient approach to estimate
the attenuation. Therefore, the beam attenuation along the path has
been mitigated through a classical iterative procedure that im-
plicates the assessment of two-way path integrated attenuation
(PIA) along the entire beam path. The PIA iterative method has
proved to be reliable in attenuation correction within a range (i.e.

distance from the radar site)< 50 km; occasional failures of this
methodology have been observed in the case of particular meteor-
ological scenarios, characterized by strong rainfall in the range
closest to the radar site. The influence of path attenuation on radar-
based hail detection techniques performance may be considered
relatively low because the radar-based hail detection products, de-
veloped in this work, have been tested at urban scales of the order of
few tens of kilometres. The incidence of path attenuation along
determined radial directions may be regarded as unusual at short
distances (Marzano et al., 2012) and, therefore, not influencing the
performance of X-band radars, at least from a statistical point of
view. In addition, in order to minimize the effects of attenuation, we
have focused the selection of thunderstorm events on situations
where no other convective cells are present along the radial direc-
tions between the radar site and the convective cell of interest.

2.3. Dataset description

The collected database includes 53 thunderstorms that occurred in
the study area from April 2012 through June 2015. The 43% of this
dataset consists of isolated thunderstorms (single convective cells),
whereas the remaining 57% comprises 13 thunderstorm days in which
more than one convective cell have been observed and analysed.
Unfortunately, the thunderstorm events occurred between March 2013
and June 2014 have not been taken into account, because no radar
observations were available in this period due to some technical issues
suffered by WR-10X.

Some thunderstorms events that took place within the cone of si-
lence (that is, near to the radar site) have been discarded, since WR-10X
is not able to scan the upper part of the thunderstorm. This problem
assumes a special significance when the convective cells have a great
vertical extension, as often happens in warm season. Therefore, the
events close to the radar site (at a distance< 15 km) have been taken
into account only if they occurred in the cold season, when, on average,
the convective cells have a limited vertical extension. Several thun-
derstorm events occurred in the south-eastern azimuth of the study area
have been discarded, since WR-10X beam is obstructed at lower ele-
vation by the volcano Vesuvio. Moreover, the relatively broad beam-
width of WR-10X suggests to reject most of the thunderstorm events
occurred at great distance (> 50 km) from the radar site. The lobe
width, in fact, may determine an oversampling of the cloud structure
(i.e. a certain reflectivity value could be sampled by more than one
radar beam) and, consequently, may adversely affect the successful
implementation of the hail detection techniques involved in this study.

The location of the on-ground observations and reports of thun-
derstorm events is presented in Fig. 2. To better emphasize the seasonal
difference in spatial distribution of thunderstorm events location, a map
for cold season (Fig. 2a) and a map for warm season (Fig. 2b) have been
drawn up. Different markers have been used in Fig. 2 to highlight the
different verification data types used. The Synop data have been all
provided by Napoli/Capodichino manned station (40.8848°N,
14.2917°E, 72 m a.s.l.), located at a distance of about 6 km from radar
site and belonging to the “Meteorological Service of Military Italian
Aeronautics”. In order to identify the occurrence of thunderstorms
through the Synop observations, we have considered the field of Synop
message named “Present and Past Weather Group reported from a
manned weather station”. The latter includes both information about
the weather phenomena observed at the time of the observation (the
“Present weather”) and about the weather phenomena occurred in the
previous three or 6 h (the “Past weather”). For the purposes of this
study, we have taken into account only the observation related to the
present weather, which is associated to a precise temporal information.
The past weather observations, in fact, although may be useful to
identify the occurrence of thunderstorms in the study area, do not
contain specific information about the time in which the weather
phenomenon is occurred. Therefore, the eleven Synop reports included
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in the dataset are referred to the Present Weather observations: all of
these have reported the occurrence of thunderstorms without hail.

Due to the limited spatial and temporal extension of hailfall phe-
nomena, the conventional Synop observations reported only a minor
fraction (the 21%) of the overall number of events. For this reason, the
ground truth data include also the spotter's observations and the reports
provided by local daily newspapers. The spotters' data constitute a high
valuable information both for studies devoted to the hail climatology
reconstruction (e.g. Kahraman et al., 2016; Tuovinen et al., 2009) and
for the development of radar-based hail detection products (e.g. Lahiff,
2005; Wyatt and Witt, 1997). The spotters' data, used in this study,
have been retrieved by a web community of weather amateurs (http://
www.campanialive.it). The observations about the occurrence of me-
teorological phenomena are reported by the spotters in the form of
message boards and include both temporal and spatial information.
Sometimes, video or photographic evidences of the weather phenomena
that are taking place accompany the textual message. It should be noted
that the spatial and temporal information are not always indicated
accurately. Therefore, the criterion used to accept or reject the spotters'
data is mainly based on the availability, for a determined observation,
of precise information about the place (geographical coordinates) and
time (year, month, day, hour and minute).

It should be also highlighted that the spatial distribution of the
spotters in region covered by WR-10X is not homogeneous, due to the
strong difference in population density between the Naples me-
tropolitan area and the inland sectors. According to the mesoscale
meteorology of the study area, this inhomogeneity in spotters' spatial
distribution might have determined the non-inclusion, in the con-
sidered database, of some thunderstorm events occurred in the warm
season (which typically affect the inland sectors). Moreover, it is im-
portant to point out that the criterion used to select the thunderstorm
events, based on precise time and spatial information, may have de-
termined the non-inclusion, in our database, of some no-hail bearing
storms. The latter, in fact, lasting much more than hailstorms, may be
difficult to identify with a precise time information. Due to this po-
tential bias, our database may not reflect the natural climatology of
thunderstorm events in the study area.

The available thunderstorms database has been divided into a 60%
training dataset and 40% test dataset. The training set has been used to
optimize each of the four proposed algorithms, whereas the test dataset

has been considered for verifying the proposed algorithms. Even though
this choice reduces the number of test samples, at the same time it al-
lows the parameter tuning and the preliminary evaluation of the ro-
bustness of the optimized hail detection techniques. The training da-
taset includes 20 thunderstorm events that produce hail precipitation
and 11 convective events in which only heavy rain has been observed.
The test dataset consists of 22 events, with the same proportion of hail-
producing and no hail-producing thunderstorms.

3. Radar techniques for hail detection and retrieval
methodologies

Four hail detection algorithms are here illustrated from a metho-
dological point of view. Moreover, this section provides some in-
formation about the statistical scores used to evaluate the performance
of the four developed techniques.

3.1. Difference of height (DOH) method

The DOH technique, introduced by Waldvogel et al. (1979), eval-
uates the difference ΔH, expressed in km, between the maximum alti-
tude (HZT) attained by a determined horizontally-polarized reflectivity
core T (in dBZ) and the zero-degree isotherm height (HT0):

∆ = −H H HZT T0 (1)

This method takes into account two elements of major relevance in
the framework of hail formation process. The first one is the occurrence
of a relevant updraft, whose proxy is the altitude of a strong reflectivity
core. The second one is the presence of a considerable amount of su-
percooled liquid water and/or ice, whose proxy is the height of the
sharp reflectivity core above the zero-degree level.

The criterion developed by Waldvogel et al. (1979) has been tested
in Kessinger et al. (1995) and has been included in the hail detection
algorithm developed by Witt et al. (1998). Moreover, the performance
of DOH method has been evaluated by Holleman (2001) on a large
verification dataset, which includes the hail events occurred in Neth-
erlands from 1999 to 2000. Using the results of this verification ana-
lysis, Holleman (2001) has developed a relationship between ΔH and
the probability of hail precipitation; this relationship, based on a linear
equation (Delobbe et al., 2003; Holleman, 2001), is currently used
operationally at KNMI (Royal Netherland Meteorological Institute) and

(a) (b)

Cold season events Warm season events

Fig. 2. Location of on-ground observations and reports of thunderstorm events occurred in the study area in the cold season (a), i.e. from November to April, and in the warm season (b),
i.e. from May to October. The hail reports provided by volunteers are marked as filled-in yellow circle, those provided by Synop observations as blue cross and the reports from local
newspaper as filled-in black triangle. The Synop observations (eleven in all) have been all provided by Napoli/Capodichino station (40.8848°N, 14.2917°E). WR-10X location is
highlighted as filled-in red square. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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in other meteorological services. The results achieved by this study
have also highlighted that the DOH method is more suitable for the
identification of summer hail events than the winter ones, due to the
seasonal variability of ΔH. More recently, the Waldvogel criterion has
been optimized by Skripniková and Řezáčová (2014) for the Czech
territory.

The DOH method, although implies a merging between radar re-
flectivity measurements and other types of meteorological data, has the
advantage of a very simple implementation. However, the performance
of this methodology can be adversely affected by some limitations,
caused by radar beam size and the finite number of elevation scans,
which may determine errors in the height assigned to the measured
reflectivity values (Delobbe and Holleman, 2006; Lakshmanan et al.,
2013).

In this work, the freezing level has been assessed through a linear
interpolation of the radiosonde data acquired at Pratica di Mare
(41.67°N, 12.45°E), which is the sounding station nearest to the study
region. Pratica di Mare is located outside the area covered by WR-10X
measurements, at a distance of 150 km from Naples. In order to prove
the reliability of this station for the purposes of our work, we have
compared the HT0 data provided by Pratica di Mare soundings with the
ones predicted by the Limited Area Model implemented by the Centre
of Excellence “CETEMPS” of the University of L'Aquila. The considered
numerical prediction model is based on the Weather Research and
Forecast (WRF) system and has a spatial resolution of 6 km. The WRF
domain used for the comparison includes the entire area covered by
WR-10X and contains a total of 572 grid points. The comparison has
been performed with respect to a sample of 25 thunderstorm events,
belonging to the dataset used in our analysis.

For the considered events, we have taken into account the vertical
temperature profiles predicted by WRF model at the integration time
closest to the one in which the thunderstorm has been observed or re-
ported. For each event, the HT0 estimates provided by WRF model have
been spatially averaged, over the considered domain, and compared
with those provided by Pratica di Mare soundings. The results (Fig. 3)
show a good fit between the two datasets, as pointed out by Pearson
correlation coefficient (=0.95), by Root Mean Square Error
(=0.25 km) and by the slope of the linear regression model (=0.9132)
values; the difference between the two estimates of HT0 is generally
negligible, except for few events occurred in the cold season. Moreover,
for the selected 25 events, we have compared the vertical temperature
profiles measured at Pratica di Mare at 00:00 and 12:00 UTC and the
ones predicted by the WRF model, at same times, in the grid point
nearest to the radar site. The evaluation of simple statistical indicators,
such as the Pearson correlation coefficient (=0.99), the BIAS

(=0.45 K) and the standard deviation (=1.91 K), clearly demonstrates
the very good agreement between Pratica di Mare sounding measure-
ments and WRF data.

Note that, not only the best threshold value for ΔH (i.e. a threshold
that properly distinguishes between hail and severe rain) is important
for the aims of this study, but also the reflectivity core where the DOH
method exhibits the finest performance for our study area and our radar
features. In this respect, the Eq. (1) has been computed not only con-
sidering the original criterion proposed by Waldvogel et al. (1979),
which implies the use of HZ45, but also as a difference between the
maximum height attained by 35 and 40-dBZ reflectivity cores (named
HZ35 and HZ40) and HT0.

3.2. Vertically-integrated liquid density (VLD) method

The vertically integrated liquid (VIL) product provides an in-
stantaneous estimate of the water content accumulated in an atmo-
spheric layer. VIL has been proposed as an index of storm cell severity
by Greene and Clark (1972) and converts horizontally-polarized re-
flectivity measurements Z into equivalent liquid water mass content
(Me) via a semi-empirical power-law relation between Me, in kg m−3,
and Z, in mm6 m−3, that is Me = aZb.

The VIL product, expressed in kg m−2, is obtained by integrating Me

along the vertical coordinate h (expressed in m) of each column within
the observed radar volume. The main issues that have to be taken into
account when deriving the VIL are described in detail by Brimelow
et al. (2004) and by Delobbe and Holleman (2006).

The VIL Density (VLD) tool as hail indicator has been proposed by
Amburn and Wolf (1997), in order to mitigate the weaknesses of VIL
product. VLD can be obtained dividing VIL by HTOP, as defined in Eq.
(2):

∫= = a hVLD 1000(VIL/H ) 1000( /H ) [Z(h)] dTOP TOP 0

H bTOP

(2)

where the factor 1000 is used in order to express VLD in g m−3 and the
HTOP (expressed in m) is the altitude of the highest echo detected by
radar, also called EchoTOP product. VLD correlates well with storm cell
containing hail cores, since those thunderstorms are usually char-
acterized by high reflectivities at relatively high altitudes. This is, in-
deed, also a limitation of VLD algorithm since weather radars are not
able to observe hail close to the ground. This problem may occur in
circumstances of quite high freezing levels or if the hailstones fall
through significant liquid water particles. It should be noted that the
VLD product, normalizing the reflectivity with respect to the EchoTOP,
is less sensitive than DOH method to the thunderstorm vertical exten-
sion.

In order to optimize the performance of VLD tool for the purposes of
this work, a sensitivity analysis has been performed, computing the Eq.
(2) through three different pairs of coefficients (a, b): a= 3.44 · 10−6

and b = 4/7 (Greene and Clark, 1972), a= 6.56 · 10−6 and b= 0.54
(Maki et al., 2005), a = 9.64 · 10−7 and b= 0.693 (Maki et al., 2005).
The VLD products obtained means of these three set of coefficients are
named VLDa, VLDb and VLDc respectively.

3.3. Combined (CMB) criterion

The DOH and VLD algorithms, once optimized through a statistical
analysis that will be described in Section 4, have been combined into
two different criteria: the first one, named CMB method and briefly
discussed in this paragraph, has been introduced to evaluate what is the
best result that can be achieved combining the two canonical techni-
ques with a simple linear approach. The second one, named HFOD, is
illustrated in the next subsection.

The set-up of CMB criterion is based on the Linear Discriminant
Analysis (LDA) technique. The latter is a robust classification method,
originally developed by Fisher (1936). The aim of LDA analysis is to

Fig. 3. A comparison between the freezing level (HT0) predicted by CETEMPS WRF
model, averaged over all grid points of the considered domain, and the freezing level
estimated by Pratica di Mare sounding data is presented. The superimposed text box
contains the values of Pearson correlation coefficient and Root Mean Square Error
(RMSE). The red solid line represents the linear regression, whereas the blue dashed line
indicates the 45° reference bisector. The scatter plot shows the results obtained for 25
thunderstorm events, belonging to the dataset used in this study. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of
this article.)
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search for a linear combination of variables (predictors) that best dis-
criminate among different types of objects or classes.

From a mathematical perspective, given two different classes, the
hail (HE) and the no-hail (NHE) events in our case, and two different
predictors, e.g. ΔH and VLD, the problem consists in estimating the
linear coefficients β1 and β2 that maximize the following score function,
defined by Fisher (1936):

=
−

S β
β μ β μ

β Cβ
( )

T
HE

T
NHE

T (3)

where μHE and μNHE are the mean vectors, computed with respect to HE
and NHE classes, β is the coefficients vector and C is the pooled cov-
ariance matrix. The score function can be maximized through the fol-
lowing equations:

=
+

+C
n n

n C n C1 ( )HE NHE
1 2

1 2 (4)

= −−β C μ μ( ),HE NHE
1 (5)

where CHE and CNHE are the covariance matrices, determined with re-
spect to HE and NHE classes. n1 and n2 are the number of ΔH and VLD
observations belonging to the classes HE and NHE, respectively.

Once determined the coefficients β1 and β2, the LDA estimator,
named Φ, can be easily applied as follows:

= +β βΦ ΔH VLD1 2 (6)

The LDA analysis has been performed using the optimized outcomes
of DOH and VLD criteria as predictive variables.

3.4. Hail fuzzy-logic oriented detection (HFOD) method

The HFOD criterion combines the optimized DOH and VLD methods
through the fuzzy logic approach. The latter is a powerful problem
solving technique with large applicability, belonging to the family of
cognitive computing algorithms.

The available literature offers various examples of fuzzy logic
schemes developed for hydrometeors identification purposes, mostly
based on dual polarization weather radars (e.g., Heinselman and
Ryzhkov, 2006; Liu and Chandrasekar, 2000; Mahele et al., 2014;
Marzano et al., 2007; Park et al., 2009; Zrnić et al., 2001).

In the current application of fuzzy logic method, the systems input
(i.e. the physical variables that are supposed to determine the solution
of the problem) are ΔH and VLD, which are the outcomes of the opti-
mized DOH and VLD techniques, respectively, whereas the system
output is the POH. The fuzzyfication step has been performed through
ramp membership functions. The analytic expression of the two ramp
functions introduced in this work, named MΔH and MVLD, is:

∆ ∆ ∆ =
⎧

⎨
⎪

⎩⎪

∆ ≤ ∆
∆ < ∆ ≤ ∆

∆ > ∆
∆

∆ − ∆
∆ − ∆M ( H, H , H )

0, H H
, H H H

1, H H
H 1 2

1
H H
H H 1 2

2

1
2 1

(7)
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VLD VLD 1 2

2
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(8)

where ΔH and VLD are the input values, ΔH1 and VLD1 the starting
points of the ramp functions and, finally, ΔH2 and VLD2 the end points
of the same.

The inference rule, which constitutes the core of the fuzzy logic
system, is based on a weighted linear combination of the two ramp
membership functions:

∆ = ∆ ∆ ∆ +∆M w M w M( H, VLD) ( H, H , H ) (VLD, VLD , VLD )1 H 1 2 2 VLD 1 2

(9)

where w1 and w2 are the weight factors of MΔH and MVLD, respectively.
The variability range of M(ΔH, VLD) is between 0 (no probability of
hail) and 1 (certainty of hail); therefore, the sum of the weight factors
must be equal to 1.

In order to determine the optimal inference function (hereafter,
MOPT), the inference function M(ΔH, VLD) has been tested in the fra-
mework of the verification analysis for several combinations of the
following parameters: w1, w2, ΔH1, ΔH2, VLD1 and VLD2. The HFOD
optimization will be described in the following Section 4, based on the
selected training dataset.

3.5. Statistical score indexes

The four hail detection methodologies above described have been
applied using the WR-10X corrected reflectivity measurements. To
implement DOH method, the maximum altitude attained by each of the
three reflectivity cores tested in this study (35, 40 and 45-dBZ) has been
searched for every radar bin of each volume scan. Once determined this
quantity, i.e. the term HZT in Eq. (1), the product ΔH has been com-
puted using the HT0 information provided by Pratica di Mare sounding
data. However, for some radar bins, the computation of ΔH may be not
possible, due to the unavailability of the reflectivity cores at 35, 40 and
45-dBZ.

The first step of VLD algorithm computation involves the conversion
of corrected Zmeasurements intoMe; the latter has been retrieved using
three different pairs of (a, b) coefficients. The subsequent step implies
the integration ofMe over the vertical column, in order to determine the
VIL. Finally, VLD product has been computed dividing the VIL values by
EchoTOP altitudes, according to Eq. (2). The WR-10X polar volumes
have been resampled into a uniform Cartesian grid with 0.3-km hor-
izontal resolution before the calculation of DOH and VLD outcomes.

The implementation of CMB technique has been performed applying
the Eqs. (4), (5) and (6), in order to determine the best coefficients of
the linear model that combines the optimized DOH and VLD criteria.
The set-up of HFOD method follows the computation of DOH and VLD,
by selecting the optimal weights parameters of the fuzzy-logic algo-
rithm in Eqs. (7), (8) and (9). Note that all radar products described in
this manuscript have been performed by means authors' developed al-
gorithms.

The comparison between radar products (computed in each pixel of
WR-10X coverage's domain) and ground-truth observations, that pri-
marily pursues the aim to determine a warning threshold which is able
to discriminate between hail and rainfall, has been performed applying
both a temporal and spatial tolerance. The temporal mismatching issues
have been mitigated considering not only the WR-10X volume scan
collected at the time (tn) closest to that of the on-ground observation,
but also the previous and the next WR-10X volume scans, i.e. the re-
flectivity data acquired 10 min before and after the time tn, respec-
tively. Among these three WR-10X volume scans, the one with the
highest ΔH and VLD values within a tolerance distance of 15 km from
on-ground observation location has been taken into account.

According to Holleman (2001), the thunderstorms events have been
classified using a 2-by-2 contingency table (Table 1). The meaning of
symbolisms adopted in Table 1 is explained below:

• H (hit) is an integer that represents the number of times that a hail
event is identified by a radar-based methodology and is observed by
ground truth reports;

• F (false alarm) is an integer that represents the number of times that
a hail event is identified by a radar-based technique and is not ob-
served by ground truth reports;

• M (miss) is an integer that represents the number of times that a hail
event is not identified by a radar-based methodology and is ob-
served by ground truth reports;

• N (corrected negative) is an integer that represents the number of
times that a hail event is not identified by a radar-based technique
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and is not observed by ground truth reports.

In this work, it is assumed that a hail event is detected by a radar-
based method, e.g. the DOH technique, when ΔH is above a certain
threshold. In order to find the optimal warning thresholds for hail
warning in Naples urban area, the contingency table has been com-
puted for several values of ΔH, ranging from 0.2 and 3.0 km, and for
several VLD values, ranging from 1.4 to 5.6 g m−3. By adopting the
outcomes of the 2-by-2 contingency table, the following statistical
scores have been computed:

⎧

⎨

⎪
⎪

⎩
⎪
⎪

= +
= +

= +
= + +

= + = −

H H M
F H F

F F N
H H M F

H H F

Probability of detection (POD) /( )
False alarm ratio (FAR) /( )
Probability of false detection (POFD) /( )
Critical success index (CSI) /( )
Probability of hail (POH) /( ) 1 FAR (10)

The CSI well summarizes the verification result and has been mainly
used to establish a good warning threshold. Moreover, the performance
of the four different trained algorithms has been assessed also in terms
of the area under the relative operating characteristic (ROC) graph. The
latter is a simple and very useful tool used to visualize and evaluate
different classifiers based on their performance (Fawcett, 2006). The
ROC graph is a two-dimensional plot, in which the POD score is plotted
on y-axis and the POFD score on x-axis: therefore, according to Fawcett
(2006), the ROC graph depicts the relative trade-off between costs (i.e.
the false positives) and the benefits (i.e. the true positives). In order to
compare the performance of different classifiers, the information pro-
vided by the ROC graph can be synthetized into a single scalar value,
the area under the ROC curve (e.g. Bradley, 1997). The ROC curve area
values range from 0 to 1: a perfect classifier has an area of 1, whereas
no reliable classifiers have an area< 0.5.

4. Results and applications to a case study

This section introduces the set-up of the proposed single-polariza-
tion X-band techniques for estimating the probability of hail (POH) and,
as an example, its application at the hail event occurred on July 21,
2014. This event belongs to the dataset used to test the POH products
developed in this study.

4.1. Sensitivity analysis and algorithm training

The complete list of the thunderstorm events belonging to the
training dataset is presented in Table 2. The latter contains the fol-
lowing information: distance from the radar site (R) of the on-ground
observation of the thunderstorm, HTOP, HT0, HZ35, HZ40, HZ45 and VLD
values determined from the three VLD products tested in this study
(VLDa, VLDb and VLDc). It is important to point out that the HTOP,
HZ35, HZ40, HZ45 and VLD values reported in Table 2 have been com-
puted within 15-km distance from the location where the on-ground
observation of the thunderstorm event has been reported.

According to Table 3, which is also referred to the training dataset,

the convective events occurred in warm season have greater ΔH and
VLD median values than those found for cold season. Consequently, the
warm season thunderstorm events, developing in a hot and moist en-
vironment and having a deeper vertical extension, are more prone to
produce dangerous hailstones. The convective events occurred between
November and April, although sustained by weaker updrafts, develop
into a colder environment (i.e. a great portion of the cumulonimbus
cloud have sub-freezing temperature). Therefore, the winter thunder-
storm can still enhance the formation of hailstones, albeit generally of
lower size and less harmful than those typical of warm season. More-
over, as expected, the number of thunderstorm events without hail
reduces with increasing of ΔH and VLD values. For ΔH values greater of
1.0 km and for VLD values greater of 3.5 g m−3, almost all thunder-
storm events produced hail precipitation, whereas for ΔH< 1.0 km and
VLD< 2.5 g m−3, most of the observed thunderstorms did not cause
hail.

The peculiarities of hail events involved in this study are consistent
with those emerged from works carried out in other regions of Europe.
Holleman (2001), analyzing a dataset of thunderstorm events collected
in Netherlands, highlights the difference between the summer hail,
which is usually characterized by relatively high size, and the winter
hail, which is typically of small size and less dangerous. Tuovinen et al.
(2009), in a study devoted to the analysis of the climatology of severe
hail in Finland, concluded that large hail occurs mainly between May
and mid-September. Moreover, according to Kahraman et al. (2016),
severe hail events occur in Turkey mainly between mid-April and mid-
June.

The results, achieved from the training of the DOH and VLD algo-
rithms, are summarized in Figs. 4 and 5. The latter show the behaviour
of the score indexes values (POD, FAR, CSI and POH) as a function of
ΔH and VLD thresholds. As a general result, a gradual lowering of FAR
and POD scores with increasing of thresholds has been observed.
Moreover, the CSI score index maximizes at a certain value, that has
been considered the discriminatory threshold for distinguish between
hail occurrence and rainfall.

Among the three variants of DOH method tested in study, hereafter
named DOH 35-dBZ, DOH 40-dBZ and DOH 45-dBZ, the one using the
40-dBZ reflectivity core has exhibited the best performance in terms of
CSI index (Fig. 4). For DOH 40-dBZ criterion, the CSI reaches its max-
imum value (0.83) for a ΔH threshold of 1.0 km. The latter is associated
to a POD score of 0.95 and to a FAR of 0.13. For the DOH 35-dBZ and
45-dBZ methods, CSI score maximizes for the same height difference
threshold (1.0 km); a slight increase of FAR score for ΔH values> 1.5
km has been detected for both criteria.

As concerning the VLD method, the results obtained for the three
VLD criteria tested in this study (VLDa, VLDb and VLDc) are presented
in Fig. 5. The latter shows that the CSI score (0.80) found for VLDa is
higher than those discovered for the other two criteria (0.74 for VLDb
and 0.77 for VLDc). For VLDa criterion, the best CSI value corresponds
to a threshold of 2.4 g m−3, which correctly identifies all of the hail
producing thunderstorms (POD = 1.0). However, the FAR score carried
out for this criterion (0.20) is higher than that discovered for the DOH

Table 1
Contingency table used in the comparison between the outcomes of the radar-based hail detection methods and the ground truth verification data.

Has the hail event been detected by radar?

Yes No

Has the hail event been observed on the
ground?

Yes H (hits) M (misses) Total number of events observed on ground
H + M

No F (false alarms) N (corrected negatives) Total number of events not observed on
ground F + N

Total number of hail events detected
by radar
H + F

Total number of hail events not detected
by radar
M+ N

Total number of events
H + F +M + N
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40-dBZ algorithm. The VLD warning threshold for hail events estab-
lished in this work differs in a significant way from those determined in
the previous studies (e.g., Amburn and Wolf, 1997; Lahiff, 2005;
Roeseler and Wood, 2001; Rose and Troutman, 1997). The latter, in
fact, have revealed that the VLD threshold values, which correctly
discriminate between hailfall and rain, range between 3.1 and
3.7 g m−3. Therefore, the present work stresses the importance to
perform a local study, in order to make an optimal and reliable use of
VLD tool for hail detection purposes.

The CMB criterion has been implemented using the outcomes of
DOH 40-dBZ and VLDa methods as predictor variables. As first step, we
have computed the average vectors and the covariance matrices for the
two different classes, HE and NHE (Table 4). Then, we have calculated
the pooled covariance matrix, according to Eq. (4) and, finally, the
coefficients of the linear model, β1 = 0.9514 and β2 = 1.2595. There-
fore, for each thunderstorm event belonging to the training events, the
LDA estimator Φ has been determined according to the following
equation:

= +Φ 0.9514 (ΔH) 1.2595 (VLD) (11)

The behaviour of the scoring parameters for different thresholds of
Φ is presented in Fig. 6a. The best CSI value (0.86) has been observed
for Φ = 5.2. This threshold identifies the 95% of the hail producing
thunderstorms (POD = 0.95) and is associated to a FAR score (0.09)
lower than the one found for the canonical techniques.

The HFOD criterion has been developed using as input variables the
outcomes of DOH 40-dBZ and VLDa techniques. In order to optimize the
inference function, for every parameter involved in Eq. (9) a research
interval has been defined (Table 5), according to the results achieved in
the framework of statistical analysis. For every possible combination of
the six parameters listed in Table 5, the inference function has been
compared with the ground truth hail reports using the contingency
table described in Section 3.5. More specifically, it has been assumed
that a hail event is detected by the inference function, when M
(ΔH,VLD) is above a certain threshold. The contingency table has been
computed for several values of the inference function, ranging from 0.0
to 1.0. The best results in terms of CSI have been achieved when
MOPT(ΔH,VLD) from Eq. (9) has been calculated with the following
parameters: w1 = 0.5, w2 = 0.5, ΔH1 = 0.4 km, ΔH2 = 1.4 km,
VLD1 = 1.4 g m−3 and VLD2 = 2.4 g m−3. Using these values, the

Table 2
For every thunderstorm event belonging to the training dataset, the following information are displayed: date (yyyy/mm/dd), time (in UTC), distance from the radar site (R) of the on-
ground observation, altitude of the highest echo detected by radar (HTOP), freezing level (HT0), maximum altitude of the 35-dBZ (HZ35), 40-dBZ (HZ40) and 45-dBZ (HZ45) reflectivity cores
and VLD values derived from VLDa, VLDb and VLDc products. The information not available are indicated as “n.a.”. HTOP, HZ35, HZ40, HZ45, VLDa, VLDb and VLDc values have been
computed within 15-km distance from the location where the on-ground observation of thunderstorm event has been reported. The dates in which hail precipitation has been observed
hail events are marked by an asterisk.

Date Time
(UTC)

R
(km)

HTOP

(km)
HT0 (km) HZ35

(km)
HZ40

(km)
HZ45

(km)
VLDa

(g m−3)
VLDb

(g m−3)
VLDc

(g m−3)

2012/04/17* 07:45 7.5 4.2 2.0 3.2 3.1 3.0 4.0 4.6 5.0
2012/05/28* 09:30 26.2 7.5 2.7 4.8 4.0 3.3 3.2 3.7 3.8
2012/05/09* 19:35 15.8 5.6 3.6 3.8 3.5 3.7 6.4 7.3 8.4
2012/10/27 10:45 11.0 4.8 3.0 3.2 3.0 n.a. 1.9 2.2 1.9
2012/10/27 11:10 26.4 7.5 3.0 6.1 5.1 6.4 3.4 4.6 5.5
2012/10/27 14:35 48.1 11.4 3.0 5.9 5.5 4.9 2.5 3.0 2.7
2012/11/28* 20:55 6.5 4.0 2.4 3.2 3.1 n.a. 5.3 5.8 7.3
2012/11/29* 15:35 15.7 5.6 1.7 4.4 4.4 3.3 3.1 3.6 3.9
2012/11/30* 09:35 11.3 4.8 1.4 3.1 3.0 3.0 3.6 4.0 4.9
2012/12/04 12:10 20.3 6.4 1.7 3.3 2.4 2.3 1.7 3.2 3.7
2013/01/14* 06:15 26.2 7.5 1.5 3.8 3.0 2.9 3.8 7.4 12.3
2013/01/14* 12:55 6.5 4.0 1.5 3.3 3.0 2.8 3.8 4.3 4.8
2013/01/14* 13:55 20.3 6.4 1.5 4.2 3.9 3.0 2.6 3.0 3.2
2014/11/12 18:30 26.4 7.5 2.8 3.1 3.2 2.8 1.7 3.5 5.0
2014/11/15 23:05 11.0 4.8 3.2 4.0 3.7 4.2 2.2 2.6 2.4
2014/11/26 13:10 7.4 4.1 2.6 2.7 3.0 n.a. 2.0 2.0 1.8
2014/12/03 16:15 11.0 4.8 2.5 3.5 3.3 3.0 2.6 3.1 3.0
2014/12/05 10:55 32.4 8.6 2.2 3.5 3.0 3.0 3.4 4.0 3.8
2014/12/05 14:15 11.0 4.8 2.2 3.1 3.1 3.2 3.7 4.6 5.9
2014/12/16* 08:55 7.5 4.2 2.0 3.0 3.0 3.0 4.1 5.2 6.1
2014/12/16* 12:40 4.2 3.6 2.0 3.5 3.5 3.4 3.2 4.2 5.3
2015/01/18* 07:30 12.8 5.1 1.7 3.8 3.5 3.5 2.4 2.8 2.9
2015/02/03* 18:55 2.8 3.3 1.0 2.3 2.8 1.6 2.9 3.4 3.4
2015/02/15* 15:05 28.0 7.8 1.2 2.9 2.9 2.7 2.9 3.5 3.2
2015/03/27* 13:20 29.6 8.1 2.3 6.6 6.4 6.2 2.9 3.3 3.8
2015/06/07* 14:35 35.0 9.1 3.6 8.4 8.0 7.8 4.0 4.3 5.3
2015/06/07* 15:10 32.4 8.6 3.6 8.5 8.4 8.4 3.8 4.2 6.5
2015/06/08* 15:00 29.4 8.1 3.4 7.1 7.1 6.4 2.5 4.4 4.8
2015/06/09* 13:50 50.2 11.8 3.4 9.3 9.1 9.1 5.1 2.8 3.8
2015/06/09* 15:30 10.6 4.7 3.4 4.7 4.7 4.5 3.8 4.5 5.0
2015/06/10 14:25 53.9 12.4 3.5 6.2 5.0 4.6 1.2 1.3 1.6

Table 3
For the thunderstorm events belonging to the training data set, the median values of the freezing level (HT0) and of the outcomes of DOH and VLD criteria tested in this study are
presented. To emphasize the seasonal variability of thunderstorm features, the results obtained for warm season events (May to October) and for cold season events (November to April)
are shown.

Events occurred in 2012–2015 period HT0

(m)
HZ35-HT0

(m)
HZ40-HT0

(m)
HZ45-HT0

(m)
VLDa

(g m−3)
VLDb

(g m−3)
VLDc

(g m−3)

Warm season events (May to October) 3400 2900 2100 1900 3.4 4.2 4.8
Cold season events (Nov. to April) 2000 1400 1300 1200 3.0 3.6 3.9
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maximum CSI (0.86) has been obtained for MOPT = 0.8. This threshold
is associated to a FAR of 0.09 and to a POD of 0.95, as shown in Fig. 6b.

4.2. Probability-of-hail indexes

In order to determine a POH index, that could be used into an op-
erative framework, the relationship between POH score and the radar
products (ΔH= HZ40 − HT0 for DOH 40-dBZ method and VLD for
VLDa technique) has been modelled by using a third-order polynomial
fit. The latter has been set up using POH score as dependent variable
and the radar product (ΔH or VLD) as independent variable:

∑= ∆−
=

−gPOH H
i

i
i

DOH 40 dBZ
1

4
1

(12)

∑=
=

−dPOH VLD
i

i
i
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1

4
1

a
(13)

For DOH 40-dBZ methodology, the best fit between ΔH thresholds
and POH score has been obtained when g4 = 0.03595, g3 = −0.164,
g2 = 0.3532 and g1 = 0.5812 (Fig. 7a). For VLDa method, the best fit
has been achieved when d4 = 0.07278, d3 = −0.5623, d2 = 1.483,
d1 = −0.5395 (Fig. 7b). Using the warning thresholds identified in the
framework of statistical analysis (ΔH = 1.0 km and VLD = 2.4 g m−3),
the two optimal values for hail warning in Naples urban area have been
determined, POHDOH 40-dBZ = 0.81 and POHVLDa = 0.79. Therefore, for
DOH 40-dBZ method, when POHDOH 40-dBZ is equal or> 0.81 (81% in
percentage), a hail event is detected. In the same manner, for VLDa
method, when POHVLDa is equal or> 0.79 (79% in percentage), hailfall
is occurring.

The POH index for CMB criterion (POHCMB) has been determined

using the same heuristic approach. The best fit between POH score and
Φ has been achieved through a two-order polynomial model (Fig. 7c):

= + +c c cPOH Φ ΦCMB 1
2

2 3 (14)

where the regression coefficients are c1 =−0.007117, c2 = 0.1326,
c3 = 0.3977. When POHCMB is above 0.89 (89% in percentage), hail is
assumed to occur. The hail-alert threshold just mentioned has been
obtained evaluating the Eq. (14) for Φ= 5.2.

The combination of ΔH and VLD is also common to the fuzzy-logic
POH index, hereafter, POHHFOD, which can be simply obtained by:

= ∆ = ∆

+
∆M M

M

POH ( H, VLD) 0.5 ( H, 0.4, 1.4)

0.5 (VLD, 1.4, 2.4)
OPTHFOD H

VLD (15)

As discussed in Section 4.1, when POHHFOD is larger than 0.8 (80%
in percentage), a hail event is detected by the radar.

A summary of the four different methods to compute the POH is
given in Table 6, together with the relative warning threshold TPOH (i.e.
HAIL/No HAIL threshold). It is worth mentioning that all POH de-
termined with the four methods are computed in each pixel (i, j) of the
radar domain at each time step tn.

The probability of hail (POH), using single-polarization X-band
weather radar data, can be also used labelling each pixel (i, j) in the
radar domain, at each the time step of the volume scan tn, as follow:

= ⎧
⎨⎩

≥

≤ <
i j t

i j t

i j t
L ( , , )

"HAIL" if POH( , , ) T

"NO HAIL" if 0 POH( , , ) T
n

n

n
POH

POH

POH (16)

In Eq. (16), the term POH(i, j, tn) represents the areal probability of
hail detection applied to all pixels (i, j) within the radar coverage at
each discrete time step of the volume scan tn. Its value depends of the

Fig. 4. The scoring parameters (FAR, POH, CSI and POD) for the DOH hail detection method as a function of the warning threshold. In (a), (b) and (c), the results obtained using the three
reflectivity cores (35, 40 and 45 dBZ) tested in this study to compute ΔH are presented. The scoring parameters are deduced from the comparison of DOH method outcomes with ground-
truth verification data.
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techniques used (i.e., DOH 40-dBZ, VLDa; CMB and HFOD), whose TPOH
threshold values are reported in Table 6. It is worth mentioning that the
results of the four LPOH products can be very useful to easily identify the
areas where a “Hail Risk” is expected, whereas POH(i, j, tn) can identify
the areas where the probability of hail is high.

4.3. Statistical tests and application to a case study

The test dataset has been used to assess independently the perfor-
mance obtained from the various techniques. The results, in terms of
the statistical scores presented in Eq. (10), are highlighted in Table 7.
The HFOD criterion performs better than other criteria methods in
terms of both CSI and FAR, whereas the VLDa criterion exhibits the
finest performance with respect to POD score.

The ROC curves obtained for the hail detection and probability
products developed in this study are presented in Fig. 8. The results
highlight that the combined criteria, HFOD and CMB, have the best

predictive skills: they are characterized, in fact, by a ROC area value of
0.93 and 0.89, respectively (Table 7).

An example of application of the radar-based POH products devel-
oped in this study is presented for a severe hailstorm event, occurred on
21 July 2014.

4.3.1. Hail event occurred on 21 July 2014
On July 21, 2014 the coastal areas of the Campania region were

affected by a strong convective activity. The 500-hPa geopotential
height field (Fig. 9, left panel) reveals that the study area was located
along the boundary of two different air masses. A through over the
northern Italy, in fact, determined a cold air advection over the
northern and central sectors of Italian peninsula and, at the same time,
an advection of moist and warm air over southern Tyrrhenian sea. This
thermal boundary was associated with some meteorological factors
very favourable to the convection forcing in Mediterranean basins
(Lebeaupin et al., 2006): a low-level wind convergence line, a jet-
stream in the upper levels (Fig. 9, right panel) and a strong advection of
moisture. Moreover, the convective activity was promoted by the high
sea surface temperature (24 °C), which supplied moisture to the low-
levels as well as increasing the convective instability. The isotherm of
zero degree, according to the sounding data of Pratica di Mare collected
at 12:00 UTC, was roughly 3500 m above the sea level.

In the afternoon hours, a strong hailstorm affected the Sorrentine
Peninsula, a region that separates the Gulf of Naples to the north from
the Gulf of Salerno to the south. The reflectivity volumes collected by
WR-10X, presented in Fig. 10 in terms of Vertical Maximum Intensity
(i.e. the highest reflectivity value on the vertical of every radar bin),
allow tracking the displacement of the convective cell. The latter, after
showing its first signature on WR-10X images at 14:35 UTC, moved

Fig. 5. The scoring parameters (FAR, POH, CSI and POD) for the VLD hail detection method as a function of the warning threshold. In (a), (b) and (c), the results obtained using the three
different VLD products (VLDa, VLDb and VLDc) tested in this study are presented. The three VLD products differ for the set of coefficients (a, b) used in the conversion relationship
between radar reflectivity measurements and liquid water content. The scoring parameters are deduced from the comparison of VLD technique output with ground-truth verification data.

Table 4
For each of the two event classes, hail (HE) and no-hail (NHE), involved in the application
of CMB method, the values of the means vectors, μHE and μNHE, and of the two covariance
matrices, CHE and CNHE, are presented. The statistics have been computed with respect to
the training dataset, using ΔH (=HZ40 − HT0) and VLDa as predictors.

Class Count Statistics ΔH (km) VLDa (g m−3)

HE n1 = 20 Means vector (μHE) 2.49 3.72
Covariance matrix (CHE) ⎡

⎣
−

−
⎤
⎦

2.25 0.03
0.03 1.23

NHE n2 = 11 Means vector (μNHE) 0.92 2.39
Covariance matrix (CNHE) ⎡

⎣
⎤
⎦

0.42 0.16
0.16 0.66
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from southwest to northeast, affecting the Sorrentine Peninsula (whose
position is marked by a black circle in Fig. 10a). The convective system
approached the city of Sorrento at 15:25 UTC, exhibiting, according to
the Meteosat Second Generation (MSG) infrared satellite image (Fig. 11,
left panel), a V-shaped structure. The thunderstorm produced a strong
hail precipitation, which lasted about 15 min. According to local
newspapers (Il Mattino, July, 21, 2014; Positano News, 2014 July 21a),
the hailstones had a relevant diameter (up to 3–4 cm, see Fig. 11, right
panel) and caused serious damages to plants, crops and transport

activities.
Using Table 6, POHDOH 40-dBZ, POHVLDa, POHCMB and POHHFOD have

been generated and shown in Fig. 12 as percentage. According to on-
ground reports and observations, in the area of Sorrento a very high
probability of hail has been detected above the alert thresholds. How-
ever, POHDOH 40-dBZ and POHVLDa products have exhibited some dif-
ference in terms of extension of the hail-affected area. The POHVLDa, in
fact, has restricted the hail alert only to a part of the municipality of
Sorrento and Massa Lubrense, whereas the POHDOH 40-dBZ index has
detected a very high probability of hail (≅100%) also in the south-
eastern sector of the Sorrentine Peninsula, at the boundary between the

Fig. 6. Behaviour of the scoring parameters (FAR, POH, CSI and POD) for different thresholds of the two combined methods. In panel (a) the results obtained for CMB criterion are shown,
whereas in panel (b) those achieved for the HFOD criterion are presented. The scoring parameters are deduced from the comparison of CMB and HFOD outcomes with ground-truth
verification data.

Table 5
Research interval (minimum value, maximum value and step) of the six parameters (w1,
w2, ΔH1, ΔH2, VLD1 and VLD2) involved in the computation of the inference function M
(ΔH, VLD).

Parameter Minimum value Maximum value Step

w1 0.0 1.0 0.1
w2 0.0 1.0 0.1
ΔH1 (km) 0.2 0.9 0.1
ΔH2 (km) 0.9 2.0 0.1
VLD1 (g m−3) 1.4 2.3 0.1
VLD2 (g m−3) 2.3 3.3 0.1

Fig. 7. The Probability of hail (POH) as a function of ΔH (a), which is the outcome of DOH 40-dBZ criterion, VLD (b), which is the output of VLDa method, and Φ (c), the outcome of CMB
algorithm. The POH indexes, shown as red curves, have been obtained through an empirical approach, using polynomial regressions. The warning thresholds (i.e. the threshold above
which hail is occurring) are indicated as blue filled circle over all three panels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Table 6
Summary of the four different methods to compute the POH together with the relative
warning threshold (i.e. HAIL/No HAIL threshold).

Hail detection
method

POH symbol POH
calculation

Threshold (TPOH) hail/
no hail

DOH 40-dBZ POHDOH 40−dBZ From Eq. (12) 0.81
VLDa POHVLDa From Eq. (13) 0.79
CMB POHCMB From Eq. (14) 0.89
HFOD POHHFOD From Eq. (15) 0.80
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provinces of Naples and Salerno. However, none on-ground observation
of hail has been reported in this area.

The POHHFOD and POHCMB index, besides to correctly identify the
hail core in the city of Sorrento, help to better characterize the POH
estimations where the POHVLDa and the POHDOH 40-dBZ have given
different results. Regarding the southeastern sector of Sorrentine
Peninsula, in accordance with POHVLDa product, the combined criteria

have indicated a probability of hail below the warning threshold. At the
same time, POHHFOD and POHCMB, in agreement with the POHDOH 40-dBZ

index, have identified an area where hail is expected which includes not
only the city of Sorrento, but also a portion of the western side of the
Sorrentine Peninsula, which corresponds to the municipality of Massa
Lubrense (whose location is highlighted by a black triangle in Fig. 12a).
This result can be interpreted as a further evidence of POHHFOD and
POHCMB indexes reliability. Although the ground truth reports provided
by local newspaper (comprehensive of photographic and video mate-
rial) have been all collected in Sorrento city, there is a reliable evidence
that hail precipitation also affected the municipality of Massa Lubrense.
As reported by local newspapers (Positano News, 2014 July 28b), in
fact, this municipality has declared a state of natural disaster due to the
huge damages and losses caused by hailfall on July 21, 2014.

5. Conclusions

This study has exploited the potentiality in hail detection and
probability of a low-cost single-polarization X-band weather radar. The
main novelties introduced by this work can be synthetized into the
following two key-points: i) the advantages of the optimal combination
of two radar-based hail detection techniques, based on different phy-
sical signatures, have been fully explored and synthetized within the
powerful and flexible framework of fuzzy logic. ii) for the first time, a
short-range single-polarization X-band has been used to generate an
innovative experimental index of probability of hail (POH), tuned for
an urban area; using this POH, the advantages of X-band systems, in
terms of finer spatial-temporal resolution and affordable infrastructure,
have been exploited.

The innovative method is based on an optimal combination, per-
formed through the fuzzy-logic approach, of two well-known single-
polarization radar-based hail detection techniques, the DOH algorithm
and the VLD method. These two canonical methodologies have been
adapted at the X-band and at the Naples' study area through a sensi-
tivity analysis, which has involved a systematic comparison between
their outcomes (ΔH, expressed in km, and VLD, expressed in g m−3,
respectively) and the on-ground observations of thunderstorm events.
The training analysis has allowed determining, for both optimized DOH
and VLD techniques, a warning threshold that discriminates between
hail occurrence and no occurrence of hail, as well as a probability of
hail (POH) index, that can be expressed as percentage, named respec-
tively POHDOH 40-dBZ and POHVLDa.

The two canonical hail detection products have been merged into

Table 7
For each of the four radar-based hail detection methods (DOH 40-dBZ, VLDa, CMB and
HFOD techniques) tested in this study, the statistical scores (CSI, FAR and POD) obtained
for the warning threshold are presented. The HFOD criterion performs better in terms of
CSI and FAR, whereas the VLDa technique exhibits the best performance for POD score. In
the latter column, the area under ROC curve measured for the four different methodol-
ogies is also presented; an area of 1.0 represents a perfect test. The accuracy assessment of
the hail detection algorithms developed in this study has been performed through an
independent test dataset, which includes a sample of 22 thunderstorm events.

Hail detection
method

Warning threshold POD FAR CSI Area under the
ROC curve

DOH 40-dBZ ΔH = 1.0 km 0.86 0.07 0.80 0.83
VLDa VLD= 2.4 g m−3 1.00 0.30 0.70 0.82
CMB Φ = 5.2 0.93 0.21 0.74 0.89
HFOD MOPT = 0.8 0.86 0.00 0.86 0.93

Fig. 8. Relative operating characteristic (ROC) curves for the four different hail detection
and probability products developed in this works. The curves have been obtained plotting
the Probability of False Detection (POFD) against the Probability of Detection (POD) score
for different thresholds of the algorithms. The black diagonal line represents a completely
uninformative test, corresponding to a ROC area of 0.5. The area under the curve can be
considered a measure of how well a methodology is able to detect hail events. The four
ROC curves have been obtained in the framework of the independent verification through
the test dataset.

Fig. 9. In the left panel, the 500-hPa geopotential height (Z500) and sea-level pressure (SLP) analysis fields on 21 July 2014, 12:00 UTC are presented. In the right panel, for the same
event, the 300-hPa geopotential height (Z300), shown as green isohypses and expressed in decametres (dam), and the 300-hPa wind speed (W300), shown as red isotaches and expressed
in meters per second (m/s), are presented. The Z500 and SLP fields have been retrieved from Climate Forecast System (CFS) reanalysis archive (Saha et al., 2010) through the website
http://www.wetterzentrale.de/de/reanalysis.php?map=1&model=cfsr&var=1, whereas the Z300 and W300 fields have been retrieved from EUMeTrain/ePort archive through the
website http://eumetrain.org/eport.html. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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two different combined POH indexes: the first one, named POHCMB, is
based on Linear Discriminant Analysis, whereas the second one, named
POHHFOD, has been designed through the fuzzy logic approach. Using
the outcomes of the optimized DOH and VLD criteria as input variables
of the fuzzy logic system, an inference function (M) has been

determined means of a weighted linear combination of two ramp
membership functions. In the framework of training verification ana-
lysis, the M function has been tested for several combinations of ΔH,
VLD and weights values, in order to optimize its performance.

The skills of the four trained hail detection methods have been

(a) (b)

(d)(c)

Fig. 10. WR-10X images showing the evolution of hailstorm that affected the city of Sorrento on 21 July 2014. Vertically Maximum Intensity (VMI) product obtained at 14:55 UTC (a),
15:15 UTC (b), 15:35 UTC (c) and 15:55 (d) is shown. The thunderstorm cell developed over Tyrrhenian Sea and then moved from south-western to north-eastern, affecting both the Gulf
of Naples and the Gulf of Salerno. The Sorrentine Peninsula is highlighted by a black circle in panel (a). The black star marker indicates the location where hail precipitation on the ground
has been observed.

Fig. 11. In the left panel, a Meteosat Second Generation (MSG) infrared image showing cloud top temperature at 21 July 2014, 15:30 UTC is presented. The thunderstorm that caused hail
precipitation in Sorrentine Peninsula is highlighted by a white circle. Satellite image courtesy of http://www.meteo60.fr/ and EUMETSAT. The cloud top temperature colorbar has been
adapted from http://www.meteo60.fr/. The right panel shows three photographic evidences (retrieved from Positano News, 2014 July 21a) of the hailstones produced by convective cell
that affected the city of Sorrento. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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evaluated considering a separate test dataset, which includes 22 thun-
derstorm events. The introduction of the HFOD method determines an
improvement of the statistical results with respect to the other methods
evaluated in our study, in terms of FAR, CSI and ROC area. However, it
should be pointed out that the results achieved in this study are not
statistically significant at high confidence levels, due to the relatively
small number of thunderstorm events considered. Therefore, future
work shall be primarily devoted to enlarge the dataset used to train and
test the proposed hail detection and probability criteria, in order to
evaluate the possible benefits of the fuzzy-logic approach through a
more robust statistical model.

An example of application of the radar-based hail detection pro-
ducts developed in this work has been shown for a relevant hailstorm,
occurred on 21 July 2014. The analysed case, related to a strong hailfall
observed in Sorrentine Peninsula, has clearly demonstrate the ad-
vantages introduced by the combined criteria, which have proved to be
more reliable in identifying the area where severe hail damages have
been reported.

The results achieved in this study are very promising and can bring
benefits to the prevention of the hail-induced risks. However, during
very strong convective conditions complete signal loss can occur, in
which case correction with PIA iterative method is not possible at all
and thus the developed hail algorithm cannot be applied in the whole
radar selected domain (50 km of range). This is a limitation for its use in
an operative framework and a real-time application is therefore ex-
cluded at the present time. On the other hand, the developed algorithms

could be useful into operational context when the attenuation problem
is solved or limited, like when utilizing a network of X-band radars and
could be adapted to C and S band radars. In this respect, the detection of
the signal extinction range, which is defined as the range where the
backscatter signal is below the noise level due to severe rainfall at-
tenuation, is another topic of interest. The signal extinction area can be
identified in the radar map in order to mark the unknown areas where
the method is not usable and may help to better assess the proposed
technique (Maki et al., 2012). More PPI sweeps at higher elevation
angles should be also included into the operational radar scanning
strategy, in order to improve the hail detection products performance
close to the radar site.

The quality of the on-ground observations used in this work is ad-
versely affected by the inhomogeneity in spotters' spatial distribution.
In order to improve the reliability of the proposed hail detection and
probability products, the availability of other on-ground sources, such
as the data provided by insurance companies and the lightning density,
should be investigated. Future studies will be also focused on the de-
velopment of two different HFOD criteria, one for warm season and the
other one for cold season, in order to take into account the seasonal
variability of the parameters involved in DOH method.
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