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A B S T R A C T

A deep convective system affected the southern Mediterranean on 3–4 December 2022 causing heavy rains and 
wind gusts over three Italian regions (Sicily, Calabria, and Apulia) and a tornado in Calabria. We study the 
forecast sensitivity of this multi-hazard weather event to different physical parameterizations and configuration 
settings of the WRF (Weather Research and Forecasting) model, used at convection permitting horizontal res
olution; in particular, we performed sensitivity tests on the role of the initial and boundary conditions, on the Sea 
Surface Temperature (SST), on the model horizontal resolution and on the cumulus parameterization. Moreover, 
a 6 h rapid update data assimilation analysis (3DVAR)/forecast cycle was investigated to further study the short- 
term forecast capabilities of the modeling system. Most of the WRF configurations are able to well simulate the 
characteristics of the weather system, even if there are differences among the configurations, especially at the 
local scale, which causes differences in forecast performances. We found that the quality of the forecast is 
sensitive to the initial and boundary conditions with the best members having a probability of detection around 
30–40 % for rainfall intensities of 40–50 mm/6 h. Most of the forecasts decrease their performance for larger 
precipitation thresholds, with few exceptions. Specifically, we found that increasing the horizontal resolution 
was beneficial for the case study as the probability of detection remains larger than 0.2 for rainfall thresholds 
larger than 60 mm/6 h and up to 100 mm/6 h. In addition, the forecast with lightning and radar reflectivity data 
assimilation has a probability of detection larger than 0.4 for the same intense thresholds; in both cases false 
alarms are not increased. For the tornado simulation, no improvement was found adopting 3DVAR. A possible 
forecasting strategy for severe weather events is outlined.

1. Introduction

This work aims to provide a scientific contribution for the better 
understanding and managing of an increasingly existing social and 
environmental issue: natural disasters in general, and extreme meteo
rological events in particular.

The impact of natural disasters continues to rapidly increase, fueled 
by the climate emergency. Several initiatives are multiplying, all over 
the world, aimed at improving knowledge of environmental and climate 
issues, as well as for the possible design of systems to manage such 
emergencies, to reduce disaster risks and to provide adaptation strate
gies to cope with the changing climate.

Over the last few years various disaster risk management (DRM) 
systems have been created and developed, and all have been also 

recognized as vitally important tools by the Intergovernmental Panel on 
Climate Change’s (IPCC’s) Sixth Assessment Report (AR6) (Calvin et al., 
2023). Among them, the recently developed multi-hazard early warning 
systems (MHEWS) (UNDRR, 2023) deserve mention. This system, like 
other similar ones, aims to address several hazards and/or impacts of 
similar or different types in contexts where extreme events may occur 
alone, simultaneously, or cascading. A multi-warning system considers a 
multitude of different components (e.g., preparedness and awareness; 
observation and monitoring; warning dissemination and communica
tion) but it cannot be done without a forecasting component to produce 
useful alerts.

It is by following this direction that we are addressing the issue of 
refining a meteorological modeling system able to correctly predict not 
only a specific weather event, but also a possible coexistence of multiple 

* Corresponding author.
E-mail address: e.avolio@isac.cnr.it (E. Avolio). 

Contents lists available at ScienceDirect

Atmospheric Research

journal homepage: www.elsevier.com/locate/atmosres

https://doi.org/10.1016/j.atmosres.2024.107827
Received 21 June 2024; Received in revised form 26 November 2024; Accepted 27 November 2024  

Atmospheric Research 315 (2025) 107827 

Available online 30 November 2024 
0169-8095/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:e.avolio@isac.cnr.it
www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2024.107827
https://doi.org/10.1016/j.atmosres.2024.107827
http://creativecommons.org/licenses/by/4.0/


extreme meteorological phenomena.
Natural disasters and extreme weather events might occur in all parts 

of the world, including the Mediterranean area, which is considered a 
climate “hotspot” due to its high sensitivity to climate variability and 
change (Giorgi, 2006). The Mediterranean is particularly prone to severe 
weather events. The main forcings are to be found in the warm sea and in 
the complex orography; the synoptic-scale meteorology often triggers 
extreme weather phenomena of different nature, whose forecast is one 
of the major missions to cope for the forecaster community.

In this work we study a deep convective system in the southern 
Mediterranean that affected three Italian regions (Sicily, Calabria and 
Apulia) on 3–4 December 2022 producing heavy rains, floods, wind 
gusts and a tornado.

Severe weather phenomena are not uncommon in this area, and 
several works discussed the capabilities of numerical weather prediction 
models at the mesoscale for a wide range of extreme events.

Sicily region, mainly during the autumn period, and particularly the 
eastern sector, is often affected by intense weather events (e.g., Forest
ieri et al., 2018; Aronica et al., 2012; Caccamo et al., 2017). A more 
recent event hit the region, with heavy and high localized rainfall, on 15 
July 2020; this case was studied by Federico et al. (2021), that also 
evaluated the impact of radar reflectivity and lightning data assimilation 
on the RAMS (Regional Atmospheric Modeling System) model forecast, 
and by Castorina et al. (2022), who studied the role of the grid resolution 
in the prediction of the event. Castorina et al. (2023) also investigated 
the performance of the WRF model in forecasting a V-Shaped Storm 
hitting Sicily on 11–12 November 2019.

Calabria region has been affected by several flood events over the 
years; in particular, they deserve to be mentioned the well-known 
“Crotone flood”, “Soverato flood” and “Vibo Valentia flood” (Federico 
et al., 2003a, 2003b; Gascón et al., 2016). A more recent work of Avolio 
and Federico (2018) can be considered as a reference also for the results 
achieved in this work. In that case, the authors studied a severe 
convective event that hit central-eastern Calabria, between 30 Oct - 02 
Nov, 2015, evaluating the sensitivity of the quantitative precipitation 
forecast (QPF) to different physical parameterization schemes and 
configuration settings of the WRF model. Finally, another sadly well- 
known event (causing 10 casualties), namely the “Raganello flood” 
(20 August 2018), was studied in Avolio et al. (2019) that provided a 
hydro-meteorological analysis of the event evaluating the forecasting 
skills of a modeling system based on the WRF-WRF-Hydro models.

Regarding the Apulia region, Miglietta and Regano (2008) studied a 
flash-flood episode affecting a small area on 22 October 2005 to un
derstand the mechanisms responsible for the heavy rain event. Mas
trangelo et al. (2011) performed high resolution simulations for a heavy 
precipitation event that affected the Ionian areas of Basilicata and 
Apulia during 12 and 13 November 2004, revealing the presence of two 
intense localized convective systems.

In addition to floods, other interesting extreme weather events 
affecting the Mediterranean and southern Italy regions, which are 
attracting growing interest over recent years, are tornadoes. Considering 
studies mainly focused on severe tornadoes able to cause significant 
damages in the Mediterranean, Miglietta and Rotunno (2016) and 
Miglietta et al. (2017a and 2017b) studied in detail an EF3 tornado 
occurred in southeastern Italy. More recently, Avolio and Miglietta 
(2021) carried out a modeling study on four tornado-spawning super
cells over southern Italy, hitting the same (Ionian) regions and charac
terized by common synoptic conditions.

Several authors adopted multi-physics ensemble approaches to 
evaluate the role/impact of the different parameterization schemes in 
WRF for various weather phenomena. Sofokleous et al. (2021) proposed 
a combination of 18 atmospheric physics parameterizations for the WRF 
model, to study the precipitation field over a small and topographically 
complex area in the Mediterranean (Cyprus Island). Stegehuis et al. 
(2015) conducted a study performing a large combination of different 
atmospheric physics schemes (216 simulations) to study two European 

mega heat waves. Ricchi et al. (2019) evaluated the skill of a multi- 
physics ensemble (18 combinations with WRF model) for the simula
tion of a tropical-like cyclone in the Mediterranean Sea. From these 
studies, it follows that there is no single configuration that is suitable for 
all events and/or for all areas; for this reason, new types of approaches, 
both physical and statistical, are taking hold to refine the model 
capabilities.

Most of the case studies considered in the papers cited above, as well 
as the case study analyzed in this paper, involve deep convection at the 
least in some stages of the storm. These events are very difficult to 
predict because of their large variation in space and time and because of 
the multitude of physical processes involved in convective storms 
(Stensrud et al., 2009).

A possible way to cope with these events is through rapid update 
analysis/forecast cycles (RUC) with data assimilation at the local scale 
(Benjamin et al., 2004). This approach was used in several parts of the 
world with the aim of issuing alerts for severe weather or deep 
convective events. In many studies the radar reflectivity and/or light
ning are used in the assimilation process. Focusing over Italy, Federico 
et al. (2017, 2019) showed the importance of a RUC cycle assimilating 
lightning and/or radar reflectivity for short-term (3 h) prediction of 
deep convective events. Further analyses were performed in this direc
tion by Torcasio et al. (2020, 2023a) and Mazzarella et al. (2022), 
showing that lightning data assimilation is very important to forecast 
events at the local scale with high spatio-temporal precision and can be 
easily implemented in RUC cycle (Mansell et al., 2007; Fierro et al., 
2012). Other studies involving radar reflectivity data assimilation 
(Gastaldo et al., 2021; Maiello et al., 2017; Mazzarella et al., 2020) 
showed a positive and substantial improvement of precipitation forecast 
of convective events, especially at the short-range (< 6 h). In few of 
these studies it was also shown that the impact of data assimilation was 
larger when convection is forced and developed at the local scale 
compared to cases when the large-scale forcing brings the instability 
that is consumed by convection, which are more predictable (Keil et al., 
2014).

The positive impact of data assimilation on the precipitation forecast 
of deep convective events was also shown for GNSS-ZTD data (Faccani 
et al., 2005; Lagasio et al., 2019; Torcasio et al., 2023b), with or without 
the assimilation of other sources of data, for rainfall data (Davolio et al., 
2017; Torcasio et al., 2024) and for the assimilation of surface weather 
stations (Maggioni et al., 2023). In all these studies, it was concluded 
that data assimilation is a powerful tool to refine the numerical weather 
prediction as the storm is approaching or occurring.

This work aims to conduct a modeling study on an extreme 
convective system characterized by multiple meteorological hazards, 
aiming at defining a possible strategy to improve severe weather fore
casts. Specifically, the strategy is a two-step process: first, to run a model 
ensemble at moderate-high horizontal resolution to define the possi
bility of occurrence of a severe weather event; second, to run a RUC 
assimilating local observations that can improve the forecast of the 
event more precisely while the storm is approaching or occurring. To 
complete the analysis, we run a set of sensitivity tests to evaluate the 
impact of some important parameters (Sea Surface Temperature and 
horizontal resolution) on the event forecast. These tests can be con
ducted post-event to find better configuration for future applications. To 
our knowledge, no work on similar events, or with these objectives/ 
modalities, has yet been conducted in the area here studied.

The paper is organized as follows. Section 2 describes the available 
observations, the statistics used to evaluate the model performance and 
the WRF model configuration strategies. Section 3 firstly describes the 
case study and the main meteorological conditions during the event, 
then reports the main results about the simulation of the heavy rainfall 
and the tornado. Section 4 provides a summary and the conclusions.
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2. Data and methods

2.1. Observations

This section provides a short description of the dataset used in the 
work. Several types of data are considered: CAPPI (Constant Altitude 
Plan Position Indicator) of radar reflectivity, raingauges, lightning, and 
weather reports data are used for the analysis of the event and for the 
verification of the forecast; lightning and radar reflectivity data are also 
used for data assimilation. The available radar reflectivity maps (com
posite reflectivity, provided by the Italian Department of Civil Protec
tion, DCP hereafter) are used for the event description, while radar 
CAPPI of the national radar composite at 2000 m, 3000 m, 4000 m,5000 
m, 6000 m, 7000 m and 8000 m, are assimilated.

To verify the precipitation forecast and to study the characteristics of 
the event we used a subset of raingauges of the Italian network. This 
network is composed of more than 4000 raingauges belonging to the 
Italian regions and centralized by the DCP. As we focus on southern 
Italy, we use about 1000 out of the 4000 raingauges. The distribution of 
the raingauges is rather homogeneous over Southern Italy, as shown in 
Fig. 1b.

Flashes are clear indicators of deep convection and are provided by 
the LINET network (LIghtning NETwork, Betz et al., 2009), which is a 
ground-based network operating in the LF/VLF range. The network has 
more than 200 sensors over Europe, where it has the highest Detection 
Efficiency (DE). A recent analysis of the characteristics of the LINET 
network over Italy and of the lightning recorded in the last 13-years is 
reported in Petracca et al. (2024), showing a good DE (>95 %) of the 
LINET network over the area considered in this study.

The growing interest in severe meteorological phenomena led to an 

increasing popularity of groups / citizen science’s projects / websites 
devoted to archive and record weather events, often including photos 
and videos. For some phenomena, as for tornadoes, the visual reporting 
is the unique opportunity to assess the events; moreover, only a post- 
event investigation allows the classification (e.g., Enhanced Fujita 
scale, for tornadoes) of the phenomena. In this study, in addition to the 
available measurements, a tornado occurred in Calabria is also investi
gated by consulting the report collected by the public Storm Report 
database, managed by PRETEMP (www.pretemp.it; De Martin et al., 
2023) and Meteonetwork association (Giazzi et al., 2022), a group of 
professional meteorologists, amateurs and students.

2.2. Model configuration and simulations’ schemes

All the simulations are performed using the fully compressible, non- 
hydrostatic WRF-ARW (Weather Research and Forecasting Advanced 
Research WRF) model (Skamarock et al., 2019) version 4.3.

Two two-way nested domains are used (Fig. 1a); the parent domain 
covers the Italian peninsula (10 km grid spacing; 146 × 146 grid points), 
while the inner domain covers southern Italy (2 km grid spacing; 281 ×
296 grid points). For a WRF sensitivity test (see below) we slightly 
changed the domains to double up the horizontal resolution, namely 
using a nested domain covering a similar area in southern Italy, with 1 
km grid spacing and 400 × 400 grid points. The model is employed with 
40 terrain-following vertical levels.

Two datasets are considered for the initial and boundary conditions 
(IC/BC): NCEP-GFS (National Center for Environmental Prediction - 
Global Forecast System) analysis/forecast fields (0.25◦ horizontal reso
lution), and ECMWF-IFS (European Centre for Medium-Range Weather 
Forecasts - Integrated Forecasting System) fields (0.1◦ horizontal 

Fig. 1. (a) WRF domains; (b) the raingauges adopted for the model verification; (c) the 2 km spacing WRF model inner domain and terrain height (m); some locations 
cited in the text are also shown in this panel c.
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resolution).
Each simulation starts at 06 UTC, on 3 December and lasts 30 h, with 

the first 6 h considered as spin-up. Thus, the verification-period goes 
from 12 UTC, 3 December, to 12 UTC, 4 December (24 h).

For each IC/BC dataset 18 runs are carried out, combining:
- 3 microphysics schemes: i) WRF Single-Moment 6-class (WSM6) 

(Hong and Lim, 2006; Dudhia et al., 2008); ii) Thompson (Thompson 
et al., 2008); iii) WRF single moment 7-class (WSM7) (Bae et al., 2019).

- 3 planetary boundary layer (PBL) schemes: i) Yonsei University 
(YSU) (Hong et al., 2006); ii) Mellor–Yamada–Janjic (MYJ) (Janjić, 
1994); iii) Asymmetrical Convective Model version 2 (ACM2) (Pleim, 
2007).

- 2 cumulus parameterization schemes: i) Betts–Miller–Janjić (BMJ) 
(Betts and Miller, 1986); ii) Kain–Fritsch (KF) (Kain, 2004). Convection 
is explicitly resolved for the fine grid, except for one sensitivity test.

The new Rapid Radiative Transfer Model (RRTMG) long-wave and 
short-wave radiation scheme (Iacono et al., 2000) and the Unified Noah 
land-surface model (Tewari et al., 2004) are used in all simulations. The 
parameterization schemes here adopted were chosen based on our 
experience in using the WRF model for the simulation of extreme events 
in the area. In fact, the proposed schemes have already been widely used 
in previous works and have shown their validity in terms of forecasting 
performance. As regards the microphysics schemes, in particular, our 
experience so far has always led us to successfully use single-moment 
schemes (e.g., Avolio and Miglietta, 2022; Avolio and Federico, 2018; 
Torcasio et al., 2023a; Federico et al., 2024). However, we recognize the 
high potential of using double-moment schemes and we intend, in future 
works aimed at testing this proposed methodology, to adopt them to 
verify their effectiveness.

Combining all the schemes and the two IC/BC datasets, a total of 36 
runs are performed.

The 36 runs are compared with rain gauges observations to identify 
the best configuration. Once the best configuration is found, 3 further 
sensitivity tests are conducted using the same physical parameterization 
of the best configuration, in order to assess: i) the role of convection 
(activating the cumulus parameterization scheme also for the innermost 
domain); ii) the possible role of SST (replacing the initial SST field, taken 
from the ECMWF-IFS, with the observed “Multi-Scale Ultra High Reso
lution” SST (MUR; JPL MUR MEaSUREs Project, 2015); iii) the role of 
adopting a higher horizontal resolution (performing a 1 km horizontal 
resolution WRF simulation). The horizontal resolution falls within the 
well-known gray zone of convection, and the role of cumulus parame
terization, at these resolutions, is still an open question in the modeling 
community (Hong et al., 2012). Several studies have assessed that the 
explicit treatment of convection using high resolution grid spacings led 
to considerable improvements (e.g., Richard et al., 2007; Schwartz et al., 
2009; Weusthoff et al., 2010); at the same time, other works (e.g., 
Wagner et al., 2018; Gimhan et al., 2023) showed how the activation of 
cumulus schemes, also at high resolution (1–3 km), produced valuable 
results for the precipitation forecast and for simulation of extreme 
rainfall events. Aware of this, the first sensitivity test was still done to see 
if, by parameterizing also the unresolved part of the convection, im
provements could be obtained for the prediction of strongly convective 
events like the one studied here.

Finally, a data assimilation experiment is performed. In this test 
lightning and CAPPI of radar reflectivity from 2 km to 8 km every 1 km 
are assimilated. Data assimilation is performed following this scheme: 
the first six hours of each simulation are the spin-up, then follows the 
3DVAR, and finally a 6 h forecast. With this forecast configuration four 
simulations are needed to cover the whole period. The 3DVAR scheme 
used is that of Federico (2013), recently adapted to the WRF model 
(Torcasio et al., 2023a). For each assimilation time (00, 06, 12, 18), 
flashes observed in the former 30 min are used, while CAPPI of radar 
reflectivity are available at the assimilation time. In the 3DVAR, the 
atmospheric columns where lightning is observed are saturated between 
the Lifting Condensation Level (LCL; computed from the background) 

and the − 25 ◦C isotherm. CAPPIs of radar reflectivity are assimilated 
following the scheme of Wang et al. (2013). Radar data assimilation is 
performed only where/when the radar reflectivity is above 15dBZ and 
the vertically integrated liquid water content is above 1.5 mm. These 
thresholds are applied to avoid, at least partially, the generation of 
spurious convection, which is the main drawback of lightning and radar 
reflectivity data assimilation (Federico et al., 2019; Torcasio et al., 
2023a). Considering the scheme used for assimilating radar reflectivity 
and lightning, two variables are taken into account: the water vapor for 
both lightning and radar data assimilation, and rain mixing ratios for 
radar data assimilation.

The background error matrix is simply prescribed: to maintain the 
data assimilation at the local scale, the horizontal error de-correlation 
length-scale is 15 km, while the vertical decorrelation length scale is 
500 m. The observation error matrix is diagonal. The observation error 
for the water vapor mixing ratio decreases with height, starting from the 
3 g/kg value at the surface. The observation error for the rain mixing 
ratio is 1 g/kg. The background error at each level is twice the obser
vation error to give more credit to observations than to the model.

Before data assimilation, the CAPPIs of radar reflectivity are super
obbed at 5 km horizontal resolution starting from the initial 1 km hor
izontal resolution. This operation reduces the amount of data for the 
assimilation and partially accounts for neglecting the observation error 
spatial correlations.

2.3. Verification methods

To assess the model performance for rainfall prediction, we compute 
both dichotomous categorical scores and quantitative metrics. The 
precipitation forecast is verified for time intervals of 6 h starting at 12 
UTC on 3 December and ending at 12 UTC on 4 December to show the 
model performance in the different phases of the storm. For categorical 
scores, the contingency tables are built considering 51 precipitation 
thresholds: 1 mm/6 h and from 2 mm/6 h up to 100 mm/6 h every 2 
mm/6 h.

Starting from the hits (A), false alarms (B), misses (C), and correct no 
forecasts (D), we compute: the probability of detection (POD; range 
[0,1], where 1 is the perfect score), the False Alarm Rate (FAR; range [0, 
1], where 0 is the perfect score), and the equitable threat score (ETS; 
range [− 1/3,1], where 1 is the perfect score and 0 is a useless forecast) 
(Wilks, 2006).

They are calculated as:

POD = A/(A+C).

FAR = B/(A+B).

ETS = (A − Er)/(A+C+B − Er).

where Er is:

Er = [(A + B)*
(A+C) ]/(A+B+C+D).

Quantitative metrics (standard deviations, root mean squared error 
and correlation coefficient, between forecasts and observations) are also 
computed for time intervals of 6 h and represented by the Taylor dia
gram (Taylor, 2001). The Taylor diagram graphically summarizes how 
closely a pattern matches observations. The similarity between two 
patterns (forecast and observed 6 h precipitation) is quantified in terms 
of their correlation, their centered root mean square differences, and 
their standard deviations (amplitude of variations). To limit the un
certainties related to a possible point-by-point comparison, due to the 
high resolution of the WRF domain, the statistical verification, between 
WRF outputs and measurements, is carried out by means of the “best 
nearest neighbor” approach, considering the four model grid points 
nearby the location of each rain gauge and selecting the one exhibiting 
the closest value to the observation. Furthermore, to consider the shape 
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and the structure of the precipitation pattern, we also reported the re
sults in terms of rain maps (Section 3.2). Anyway, verification based on 
dichotomous categorical scores might suffer from the well-known 
problem of double penalty error (Wilks, 2006). To account for this 
issue, the performance is also quantified using the Fractions Skill Scores 
(FSS, Roberts and Lean, 2008), which is well suited for evaluating 
forecasts produced by neighborhood approaches; results for FSS analysis 
are shown in Appendix A.

3. Results and discussion

3.1. Case description

The identification of the main phases of the event and the related 
phenomena was achieved thanks to i) the available radar composite 
reflectivity images; ii) the lightning maps; iii) the reports provided by 
PRETEMP; iv) the precipitation recorded by raingauges.

Figure 2 shows two radar maps (panels a,b) and the IR10.8 μm 
channel satellite image from Meteosat-8 (panel c), which refer to the two 
main phases of the event (12 UTC on 03 December and 00 UTC on 04 
December, respectively).

A convective system affected three southern Italy regions (Sicily, 
Calabria, and Apulia; see Fig. 1c) on 3–4 December 2022. In its north- 
eastern motion, the perturbed system firstly affected Sicily causing 
thunderstorms on the north-eastern side of the region (Fig. 2a), where 
highly localized and heavy rainfall caused flooding and landslides.

During the night between 3 and 4 December the system reached the 
eastern side of the Calabria region (Fig. 2b), causing very intense rain
fall; flooding and traffic disruption have been documented in the area. 
Embedded within the convective system, an EF2 (Enhanced Fujita scale, 
EF hereafter; Doswell et al., 2009) tornado affected Isola Capo Rizzuto, 
in eastern Calabria (see Fig. 1c). On the morning of 4 December, the 
system moved towards Apulia, before dissolving, causing moderate rain 
and wind gusts, as reported by PRETEMP.

A typical V-shaped signature is recognizable from the radar images 
and from the IR satellite image (Fig. 2c). This structure, not uncommon 
for extreme meteorological events in southern Italy (e.g., Castorina 
et al., 2023; Avolio and Miglietta, 2021), is mainly associated with 
overshooting cloud-top and intense storm updrafts (Setvák et al., 2010) 
and is a clear indication of severe convection (Brunner et al., 2007).

Considering the rainfall during the whole event (from 12 UTC on 3 
December to 12 UTC on 4 December), and the rainfall recorded by the 
weather stations of the DCP (Fig. 3), the rain gauge of Novara (see the 
red dot in Fig. 1c), in northeastern Sicily, recorded the maximum 
amount of precipitation (> 300 mm / 24 h), as well as other two stations 
registered rainfall >200 mm / 24 h (Rodì and Barcelona P. G.; see yellow 

and orange dots in Fig. 1c); twelve rain gauges recorded rainfall >130 
mm / 24 h in the northeastern part of the region, showing the severity of 
the rainfall over this area. High rainfall accumulations were also 
recorded in Calabria, where several stations measured precipitation 
above 100 mm / 24 h (Cirò Marina, Savelli, Cotronei, Petronà, S.Mauro 
Marchesato, Albi, Molochio; see black dots on Fig. 1c). Finally, precip
itation above 100 mm was also recorded by two stations in Apulia 
(Otranto and Minervino di Lecce; see light blue and green dots on 
Fig. 1c).

The maps of lightning recorded on 03 and 04 December 2022 are 
reported in Fig. 4 showing that the development of the storm was 
characterized by deep convection, as several thousand flashes occurred 
during the event. The flashes on the 3 December clearly reveal the 
convection over Northern Sicily in the afternoon and evening. The storm 
moved towards NE in the following hours, impacting Calabria and 
Apulia. This continued during the first hours of 4 December, while the 
storm didn’t impact Sicily on that day (Fig. 4b).

As stated, the meteorological phenomena caused by this convective 
system are essentially: i) extreme rainfall (including hail, according with 
PRETEMP reports) and ii) a tornado. In the next sections we will address 

Fig. 2. (a) Composite radar reflectivity (dBZ) at 12 UTC, 03 December 2022 and (b) 00 UTC, 04 December 2022 (b); (c) IR10.8 μm channel satellite image from 
Meteosat-8 at 00 UTC, 04 December 2022. The maps in (a) and (b) are derived by the automatic system “Dewetra” of the Italian Department of Civil Protection, http: 
//www.mydewetra.org); the map in (c) is derived by www.sat24.com (©Eumetsat).

Fig. 3. Rainfall (mm) recorded by the weather stations of the DCP between 12 
UTC on 3 December 2022 and 12 UTC on 04 December 2022.
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these two phenomena discussing the forecasting capabilities of the WRF- 
based modeling system.

3.2. Synoptic/mesoscale analysis

In order to analyze the synoptic conditions during the event we 
show, in Fig. 5, the maps of geopotential heights and winds at 500 hPa 

Fig. 4. Lightning recorded on (a) 03 and (b) 04 December 2022 over Italy and surrounding areas.

Fig. 5. Geopotential height (m) and wind vectors (m/s) at 500 hPa (top panels) and 850 hPa (bottom panels) at (a,d) 00 UTC, 03 December 2022; (b,e) 12 UTC, 03 
December 2022, and (c,f) 00 UTC 04 December 2022.
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(upper panels) and 850 hPa (bottom panels) derived from the ECMWF- 
IFS operational dataset, the same used as IC/BC conditions for some 
WRF runs. In the hours preceding the development of the severe weather 
event over southern Italy, the atmospheric conditions were character
ized by an upper- (and mid-) level trough over western Europe, and by a 
wide high-pressure area over eastern Europe. The cyclonic circulation 
was first centered over France (Fig. 5a and d) and, in the next 24 h, it 
exhibited a progressive deepening and slow descent towards Spain 
(Fig. 5c and f). These conditions favored a persistent flowing of air 
masses from SW-S to NE-N, accompanied by the advection of (low- 
layers) warm and moist air over southern Italy, as shown by the maps of 
temperature at 850 hPa and specific humidity at 700 hPa (Fig. 6a and b, 
respectively); the former permits to highlight the presence of warm 
unstable air flowing from Libya and directed towards the Ionian Sea, 
while the latter shows the flowing of humid currents towards southern 
Italy regions affected by the event.

Observing the maps at different levels, it is also easily identifiable a 
directional wind shear between 850 and 500 hPa (we will also discuss 
the wind shear in section 3.3, describing the tornado that affected 
eastern Calabria), a precondition that generally favors unstable condi
tions. A further confirmation of this comes from the analysis of the 
radiosoundings (not shown) at Trapani (Sicily) and Galatina (Apulia) 
which show, as the altitude increases, a clockwise rotation of wind over 
southern Italy.

3.3. Rainfall forecast

3.3.1. Scores and best run identification
One of the principal goals for this study is to assess the WRF per

formances for the precipitation forecast, as rainfall was the main- 
impacting meteorological phenomenon for the case study.

As anticipated, 36 runs were performed with different WRF config
urations and IC/BC conditions. The statistics introduced in the previous 
section are used to identify the model configuration that better simulates 
the observed events. Both categorical scores and quantitative statistical 
parameters are computed, analyzing the scores for 6 h and other time 
horizons (e.g., 12 h, 24 h; not shown for brevity) for all thresholds. Fig. 7
shows ETS and POD scores for the 6 h forecasts to better follow the storm 

evolution. The performance is reasonable for low thresholds (20 mm / 6 
h) while the scores decrease for most WRF configurations as rainfall 
thresholds increase. However, few runs exhibit higher ETS and POD 
values for thresholds greater than 50 mm / 6 h; all these runs are 
initialized with IFS fields, demonstrating a greater effectiveness of such 
IC/BC conditions for this case study. The selection of the best- 
performing configuration was conducted by analyzing the scores for 6 
h, as well as by (qualitatively) comparing the precipitation patterns for 
all runs. The result of these multiple checks led to identifying the 
simulation named “IFS15” as the best-performing run.

This is confirmed by the analysis of the Taylor diagram reported in 
Fig. 8, that quantifies the similarity between the simulated rainfall 
patterns and the observed one in terms of their correlations, centered 
root-mean-square differences and standard deviations. Different runs 
are represented by different symbols. As regards the 36 runs varying for 
different IC/BC and parameterizations, the 18 simulations initialized by 
GFS are represented by triangles, while the 18 simulations initialized by 
IFS are represented by squares. Among these runs, only IFS15 is colored, 
while the other runs are displayed in gray. The performance of each run 
is inversely proportional to the distance between its symbol and the 
reference point (marked as “Observed”, the point 1.0 on the x-axis). It is 
easy to see that the simulations initialized with IFS give better perfor
mance overall, in agreement with previous findings; among them, the 
run that shows a shorter distance than the observed field is those named 
IFS15, which adopts the following schemes: WSM7 for microphysics, KF 
for convection and YSU for PBL. The following discussion is based on 
IFS15, hereafter also named CTL.

In Fig. 9 we show the maximum reflectivity (a and b panel) simulated 
by WRF (CTL run), at the times corresponding to the main phases of the 
event, i.e., at 12 UTC on 3 December (a) and 00 UTC on 4 December (b), 
respectively. The corresponding observed reflectivities are shown in 
Fig. 2a and b.

During the first phase we see a good agreement between the WRF 
simulation and the observed pattern. It is well apparent the highly 
localized local maxima of reflectivity (both observed and simulated; 
locally >45 dBz) over northeastern Sicily, corresponding to the highest 
recorded rainfall of this storm. During the second phase of the event, 
when the system reaches Calabria, we see a well-simulated narrow area 

Fig. 6. (a) Temperature (K) at 850 hPa and (b) specific humidity (g/kg) at 700 hPa at 18 UTC, 03 December 2022.
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of maximum reflectivity on the eastern side of the region, corresponding 
to the maximum accumulated rainfall in the region; the simulated sys
tem appears only slightly further south than the observed one. This 
comparison shows the ability of the model to correctly reproduce the 
main features of the weather pattern affecting southern Italy during the 
study period.

We also show the simulated 24 h accumulated rainfall map in 
Fig. 10a; this map is directly comparable with the observed rainfall maps 
(Fig. 3) reported at the beginning of Section 3. The rainfall pattern is 
well represented by the forecast; however, differences arise at the local 
scale. Specifically, the precipitation amount is generally underestimated 
over Sicily and Calabria, although the precipitation pattern is well 
reproduced. Especially in Sicily (first phase of the event) the highly 
localized precipitation peaks (values >200–250 mm / 24 h recorded in 
some stations; see Fig. 3) are not correctly simulated in quantitative 
terms, although the area affected by the rainfall has been identified by 
the model. Also, on the Calabrian Ionian side the CTL run simulates 
intense rainfall (locally greater than 80 mm / 24 h; sufficient for issuing 
civil protection alerts) but still lower than the rainfall recorded in 

specific areas (> 110 mm / 24 h in some stations; see Fig. 3). Finally, a 
generalized overestimation of rainfall in the Apulia region is also 
evident.

All in all, the results of this section show that, even if the forecast was 
able to predict the occurrence of a severe convective event over Sicily, 
Calabria and Apulia, the results are sensitive to both the physical 
parameterization used and to the IC/BC.

3.3.2. Sensitivity tests
Sensitivity analyses with the WRF model are commonly performed 

for the simulation of intense convective events. Most of these studies 
lead to the identification of optimal WRF configurations for the forecasts 
(e.g., Biswasharma et al., 2024; Solano-Farias et al., 2024), while other 
studies are more focused on evaluating the role of specific forcings, such 
as orography, heat fluxes or SST.

Below are some examples, certainly not exhaustive, of sensitivity 
analyses conducted with the WRF model for the study of convective 
events.

A recent study of Avolio and Federico (2018) can be considered as a 
reference for the results achieved in this work, mainly because it con
cerned the same area, studied an analogous event and adopted a similar 
methodology; in the “Summary and conclusions” section we will provide 
some comments aimed at comparing the two studies. In the aforemen
tioned “Raganello flood” case (Avolio et al., 2019), the authors per
formed several preliminary tests, changing WRF schemes for 
microphysics / cumulus / radiation / boundary layer, to find a better- 
performing configuration for a highly localized convective event. Cas
sola et al. (2015) performed an intercomparison of eight different 
microphysics parameterization schemes available in WRF, for three 
different convective events affecting northern Italy, finding a set of best- 
performing configurations and assessing the important role of the hor
izontal resolution of the model. Regarding the role of the model grid 
spacing both Caccamo et al. (2017) and Castorina et al. (2022) assessed 
the impact of different grid resolutions of WRF for the forecasting of two 
flood events in southern Italy. A comprehensive analysis of a localized 
flash-flood event over the central Mediterranean was carried out by 
Gascón et al. (2016), through several experiments confirming the 
importance of the planetary boundary layer and microphysics parame
terization schemes for a correct simulation of the event, as well as the 
need for high model horizontal resolution able to well represent the 
orography at small scales. Ferrari et al. (2023) recently performed a 
wide cascade sensitivity test with WRF for the simulation of deep 
convective events, changing cloud microphysics / planetary boundary 
layer / surface layer / and land-surface model parameterizations, for 
four significant precipitation events occurred in Northern Italy; the au
thors found a relevant role of PBL schemes and land-surface models, as 

Fig. 7. (a) ETS and (b) POD scores of the different model configurations for the 6 h precipitation; the four 6 h phases, from 12 UTC on 3 December to 12 UTC on 4 
December, are considered.

Fig. 8. Taylor diagram of the different model configurations for the 6 h pre
cipitation; the four 6 h phases, from 12 UTC on 3 December to 12 UTC on 4 
December, are considered.
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well as of cloud-ice in the correct description of the events.
A number of studies have also addressed the role of the SST and 

topography in the convective events development. For example, Ricchi 
et al. (2023) studied a large-hail storm event on the Adriatic Sea, 
assessing the role of mountains (for the position of the storm cell) and of 
SST (for the storm development and the air-sea fluxes contribution). 
Marín et al. (2020) performed sensitivity tests to topography and SST on 
tornadoes in Chile, finding a significant role for such forcing factors in 
increasing atmospheric instability and in favoring tornadogenesis con
ditions in the area. Finally, also Avolio and Miglietta (2021) performed 
sensitivity experiments artificially varying the SST over a Mediterranean 
WRF domain, to estimate possible changes on instability parameters and 
tornadic supercells intensity.

In this section we address the discussion regarding the 3 additional 
sensitivity tests carried out to evaluate the role of convection parame
terization (“CU” run), of a better prescription of SST (“SST” run) and of 
the horizontal resolution (“1 km” run). Also, in this case we computed 
both categorical scores and quantitative metrics considering short-term 
precipitation forecast (6 h), as well as producing the 24 h cumulative 
rainfall maps. These results are compared with the run previously 
identified as the best performing (CTL run). It is important to note that 
the quantitative metrics and the categorical scores discussed in this and 
in the next section have been computed for the domain of the 1 km grid, 
in order to compare the results of all configurations also with the 1 km 
run. The 1 km domain is smaller than that of the other simulations (as 
can be seen by comparing panels 10a, 10b and 10c with 10d). For this 
reason, the quantitative metrics and the categorical score of the same 
simulation (for example CTL) are slightly different in this and in the next 
section compared to Figs. 7 and 8.

Figure 10 shows the 24 h accumulated rainfall, i.e., from 12 UTC on 3 
December to 12 UTC on 4 December, for the CTL run and for the three 
sensitivity tests. The qualitative scores for these sensitivity tests are 
shown in Fig. 12, which is further discussed in the next Section. In order 
to avoid the repetition of too similar maps we have added, in the same 

figure, also the scores of the 3DVAR experiment (“WRF_ASSIM” run 
hereafter) which will be discussed in the Section 3.2.3. Below, instead, 
we anticipate the results of the scores for the three sensitivity tests.

The CU run (Fig. 10b) simulates higher rainfall amounts in all three 
regions. A clear overestimation, mainly in terms of spatial extent of the 
rainfall pattern, is apparent in eastern Calabria and Apulia. This effect 
leads to an apparent improvement in performance in terms of scores (see 
orange curve in Fig. 12); this improvement, however, is counterbalanced 
by high FAR values (not shown) for all the considered thresholds. In 
particular, the FAR is almost 1 for precipitation larger than 60 mm / 6 h. 
Even if the POD and ETS have good performance, the usefulness of this 
configuration is limited by the high number of false alarms, and the 
results of this section show that (for this case study) the cumulus 
parameterization should not be used at convection permitting horizontal 
resolution.

The SST run (Fig. 10c) appears very similar to CTL, denoting a 
negligible role from the use of a higher spatial resolution analysis of the 
SST field. Considering the scores in Fig. 12 we see how the two runs are 
very similar for thresholds <40 mm / 6 h; for higher thresholds there is a 
general worsening of the performances. The 1 km run (Fig. 10d) appears 
to be the best sensitivity test, considering the daily rainfall map. In terms 
of scores, this run shows a general improvement of the performance for 
all thresholds, in particular for thresholds higher than 60 mm / 6 h (see 
the green curve in Fig. 12). Furthermore, the FAR values of the 1 km run 
are the lowest for all the considered thresholds. This result suggests that 
the use of a WRF domain with higher resolution compared to CTL leads 
to a clear improvement of the forecast by improving the POD and 
reducing the FAR (Lynn et al., 2020).

All in all the results of this section show that: a) the forecast of the 
event is not substantially influenced using a better prescription of SST; 
b) using the convection parameterization at the convection permitting 
horizontal resolution has a negative impact on the model forecast; c) 
using the 1 km horizontal resolution has a positive impact on the pre
cipitation forecast, even if compared to an already good forecast of a 

Fig. 9. Maximum reflectivity (dBZ) and wind vectors at 700 hPa simulated by the WRF model (2 km grid) at (a) 12 UTC, 03 December 2022 and (b) at 00 UTC, 04 
December 2022.
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convection permitting horizontal resolution (2 km).
The results of this Section will be further discussed at the end of the 

Section 3.3.3 where a (cumulative) Taylor diagram (Fig. 13) will be 
considered.

3.3.3. Data assimilation experiment
The above analysis shows that several WRF configurations, espe

cially the CTL, well predicted the severity of this event. A possible way to 
refine the prediction as the storm is approaching or occurring, in order 
to take immediate actions to reduce its impact, is through data 

assimilation. Here we show the results of the data assimilation experi
ment, introduced in Section 2.2, assimilating lightning and CAPPI of 
radar reflectivity every 6 h and issuing the forecast for the next 6 h. An 
additional verification, at higher temporal resolution, is provided in 
Appendix A.

The rain forecast for the 6 h intervals from 12 to 18 UTC on 3 
December to 06–12 UTC on 4 December are shown in the bottom panels 
of Fig. 11. In the same figure (upper panels) are also reported the 6 h 
forecast rain maps for the CTL run, in order to compare them with the 
WRF_ASSIM test.

Fig. 10. WRF simulated rainfall (mm) between 12 UTC on 3 December 2022 and 12 UTC on 04 December 2022 for (a) the CTL run and for the tests: (b) CU, (c) SST 
and (d) 1 km.
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There are few points to notice: in the first phase (between 12 and 18 
UTC on 3 December), when heavy precipitation impacted Sicily, the 
WRF_ASSIM experiment is better able to predict the heavy precipitation 
amount over the Northeastern part of the Region with values larger than 
120 mm / 6 h; of course, the CTL run still suggest a high impact weather 
event occurring there, nevertheless the severity of the event is better 
represented in the WRF_ASSIM experiment. The phase 18–24 UTC also 
shows a significant impact of data assimilation in predicting the severity 
of the storm. Abundant rainfall is predicted over Eastern Calabria with 
observations larger than 50 mm / 6 h in several places. Most of this 
precipitation is missed by the CTL run, while it is well represented in 
WRF_ASSIM. During the following phase, 00–06 UTC, heavy precipita
tion (and a tornado; see Section 3.3) occurred over the Central-Eastern 

Calabria. This rainfall is well represented by the CTL run, while it is 
slightly underestimated by WRF_ASSIM. This decrease is determined by 
the fact that the storm moves faster towards East when data assimilation 
is applied, and this determines a lower amount of precipitation accu
mulated over Eastern Calabria. The faster movement of the storm to
wards East when data assimilation is applied is confirmed by the larger 
precipitation accumulated in the WRF_ASSIM experiment over Apulia. 
The comparisons of rainfall forecast by WRF_ASSIM, CTL run and ob
servations for this phase, show that CTL run has a better agreement with 
observations; in addition, using 3DVAR has also a negative impact on 
the tornado forecast that occurred in this phase (See section 3.3). For the 
last phase, 06–12 UTC on 4 December, the impact of 3DVAR is mainly a 
reduction of the rainfall prediction over Apulia. The comparison with 

Fig. 11. 6 h WRF rainfall forecast (mm) for the CTL run (upper panels) and WRF_ASSIM experiment (lower panels), for the time intervals: (a,e) 12–18 UTC, 03 
December 2022; (b,f) 18–24 UTC, 03 December 2022; (c,g) 00–06 UTC, 04 December 2022 and (d,h) 06–12 UTC, 04 December 2022.

Fig. 12. (a) ETS and (b) POD scores of the different model configurations for the 6 h precipitation. Gray curves represent all the initial runs (already shown in Fig. 7); 
the CTL run is in dark red, the WRF_ASSIM experiment is in black, the SST is in light red, the 1 km run is in green and the CU run is in orange. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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observations shows that the CTL run overestimated the rainfall over 
Southern Apulia and WRF_ASSIM has a better agreement with 
observations.

All in all, the 3DVAR clearly improves three out of the four phases 
considered for this event. This is confirmed by the analysis of the ETS 
and POD scores (Fig. 12) for the four phases. It is apparent that, except 
for thresholds below 20 mm/3 h, where some other configuration - 
including the CTL run - have better performance, WRF_ASSIM is the only 
experiment having a POD larger than 50 % for all thresholds up to 100 
mm / 6 h. The good performance of the WRF_ASSIM experiment is 
confirmed by the analysis of the Taylor diagram (Fig. 13). The 
WRF_ASSIM forecast improves the correlation and the representation of 
the observed precipitation standard deviation. We also note that the 
performance of SST is slightly lower than CTL, while the 1 km has a 
better performance than CTL because it represents more consistently the 
observed rainfall standard deviation. Also, the CU forecast has a better 
representation of the observation standard deviation, nevertheless the 
high number of false alarms prevents a useful adoption of the CU fore
cast. This is indirectly confirmed by the lower correlation of the pre
cipitation forecast of CU compared to CTL, WRF_ASSIM and 1 km.

The results of this section clearly show that the data assimilation is 
very useful in the prediction of severe weather events and can be used to 
refine, even if not for all the phases of the storm evolution, the perfor
mance of the model forecast. However, as discussed also in the next 
section, WRF_ASSIM is not always the best forecast and there are 
possible paths of improvement. First, the assimilation of additional data 
as surface stations, GNSS-ZTD or radiosoundings is useful to refine the 
forecast as they can help to better represent the vertical structure of the 
atmosphere, as well as converging areas that could give a better posi
tioning of convective cells at the assimilation time and of their evolution 
at the short-range. Second, the horizontal resolution of the WRF_ASSIM 
experiment can be enhanced to simulate in more detail the interaction 
between the local orography and the atmosphere, and this aspect is of 
importance especially in complex orography as in the regions hit by this 
storm. This is also shown by the good performance of the 1 km sensi
tivity test compared to the CTL run. Third, there is space for improve
ment of the 3DVAR settings as in this work radar observations are 
superobbed at 5 km horizontal resolution and the correlation of the 
observations error is neglected. While we cannot provide simulations 
considering this point, as radar observations are saved at 5 km 

horizontal resolution, considering the observation error correlation in 
the 3DVAR scheme can improve the performance of the forecast with 
data assimilation because more observations are assimilated at higher 
horizontal resolution. A method to define the error decorrelation length- 
scale is that discussed in Desroziers et al. (2005), that could be applied in 
future studies to assimilate observations at higher horizontal resolution.

This section concludes the analysis of the precipitation forecast for 
time intervals of 6 h. As the event was rapidly evolving it is also inter
esting to evaluate the precipitation forecast for shorter time scales. 
Appendix A shows the POD and ETS scores and the FSS for time intervals 
of 3 h. Compared to the results presented in this Section (Fig. 12) the 
verification for 3 h time intervals shows lower performance. This is 
expected as we are requesting a larger precision in the timing of the 
prediction. In addition, the relative performance of the different WRF 
configurations is similar to that presented in this Section 3.2, with 
WRF_ASSIM performing the best followed by 1 km, CTL and SST. The CU 
forecast has a large POD, but also a larger FAR compared to CTL, 
limiting the practical application of this forecast.

3.4. Tornado forecast

An EF2 tornado affected Isola di Capo Rizzuto (Northeastern Cala
bria; see purple circle in Fig. 1c) at 03 UTC on 04 December 2022. Ac
cording to PRETEMP, several damages to buildings and cars were 
reported; moreover, several trees were uprooted or snapped, and three 
camping sites were severely damaged.

A goal of this study is to test the forecasting capabilities of WRF also 
in predicting the tornado affecting Calabria, both considering the pre
viously recognized best run (CTL) and also assessing the possible 
improvement of using other modeling configurations.

A recent updated climatology of tornadoes in Italy (Avolio and 
Miglietta, 2021, 2023) confirmed that the southeastern regions of the 
Italian peninsula, eastern Calabria and Apulia in particular, are among 
the areas most affected by tornadoes in the Mediterranean. Several 
works studied some cases of tornado in southern Italy (Miglietta and 
Rotunno, 2016; Miglietta et al., 2017a, 2017b; Avolio and Miglietta, 
2021, 2022) throughout numerical simulations, mainly aimed at 
reproducing the structure and the track of the convective cells respon
sible for tornadoes, as well as at simulating the environmental condi
tions more favorable for tornado formation, considering specific 
instability parameters/indices and comparing them with their critical 
thresholds (assessed by literature). The approach of identifying an 
environment potentially favorable to the occurrence of tornadoes or 
severe thunderstorms was adopted in several studies (in addition to the 
works just mentioned for southern Italy), both in the USA (e.g., Ras
mussen and Blanchard, 1998; Craven and Brooks, 2004; Brooks, 2013) 
and in Europe (e.g.; Groenemeijer and van Delden, 2007; Grunwald and 
Brooks, 2011; Taszarek et al., 2017; Rodriguez and Bech, 2018). Many of 
these have used observations (proximity soundings), while other studies 
have successfully adopted modeling outputs (reanalysis).

Here we consider some of the atmospheric parameters / instability 
indices, widely used to predict the environmental conditions potentially 
favorable for the occurrence of tornadoes. A key role is played by the 
Convective Available Potential Energy (CAPE) and the wind shear in 
different layers, i.e., Deep Layer Shear (DLS; 0–6 km) and Mid-Level 
Shear (MLS, 0–3 km). Values of CAPE >2000–2500 JKg− 1 are associ
ated with supercell potential / strong instability, often conductive of 
tornadoes, as well as values of DLS (MSL) > 25–30 (15–20) ms− 1. 
Another important diagnostic field is the updraft helicity (UH) (Kain 
et al., 2008) that identifies the strength of rotating updrafts in storms. 
The efficacy of UH in forecasting mid-level mesocyclones is widely 
recognized, and the use of UH as a possible tornado proxy was docu
mented in several papers, especially in the US (e.g., Clark et al., 2012), 
often combined with other environmental parameters and diagnostics 
(Rasmussen and Blanchard, 1998; Thompson et al., 2004; Grunwald and 
Brooks, 2011; Grams et al., 2012; Gallo et al., 2016). A typical assumed 

Fig. 13. Taylor diagram of the different model configurations for the 6 h 
precipitation; the four 6 h phases, from 12 UTC on 3 December to 12 UTC on 4 
December, are considered. CTL, WRF_ASSIM, CU, 1 km and SST are 
highlighted.
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threshold to forecast such events is UH = 50 m2s− 2 (Clark et al., 2012). 
Although not sufficient (if used alone) for determining tornado proba
bility, this field can be useful to identify the possible cell (supercell / 
mesocyclone) from which the tornado originated, once the occurrence of 
the tornado has been confirmed by observations (as in our case).We base 
our analysis on the CTL run. In the hours preceding the development of 
the tornado high values of most unstable CAPE (> 2000 J/kg) over 
Ionian and Tyrrhenian Seas, as well as moderate-to-high vertical MSL 
(locally >20 m/s), were simulated (not shown). In both cases these 
values exceed the thresholds defined above and show an environment 
prone to instability conditions.

In Fig. 14 we report the observed composite radar reflectivity (left 
panel) and the maximum reflectivity (right panel) simulated by WRF at 
03 UTC on 4 December, i.e., at the time corresponding to the tornado 
report. The maximum reflectivity simulated by WRF is consistent with 
the observed pattern, showing a good agreement between them. We can 
see, in particular, the narrow area on the eastern side of the Calabria 
region, just corresponding to the tornado location, with values 
exceeding 45 dBz.

To further assess the skill of the model in simulating the convective 
cells responsible for the tornadoes we also report in Fig. 15 (upper 
panels) the UH simulated by WRF at 03 UTC on 04 December (left panel 
refers to CTL). The map shows several localized areas with values of UH 
greater than 100 m2/s2, indicating strong helicoidal ascending motion 
typical of a well-developed convective cells / supercell. The location of 
the larger UH relative maximum area over Isola capo Rizzuto, indicates 
a very good simulation performed by WRF for this event.

Since the WRF_ASSIM run was found to be better-performing for the 
short-term precipitation forecast (see Section 3.2.3), we compared its 
prediction of UH (Fig. 15b) with the CTL run (Fig. 15a). From Fig. 15b it 
is apparent that the UH simulated by the WRF_ASSIM run is worse 
compared to CTL. In this case, in fact, an evident “timing” error is 
attributable to WRF_ASSIM that simulates convective cells displaced in 
the open (Ionian) sea, at the time of the tornado report (03 UTC). As 
shown in Section 3.2.3, the storm simulated by WRF_ASSIM moves faster 
than other simulations eastwards, and the exact timing of the tornado 
occurrence is missed by WRF_ASSIM.

To better interpret this displacement, mainly attributable to the 

different model forecast of wind fields, we report in the bottom panel of 
Fig. 15 the wind at 700 hPa (a level often taken into account to identify 
possible tornado spawning cells; i.e. Avolio and Miglietta (2022)) 
simulated both by CTL run (left) and WRF_ASSIM run (right). The 
WRF_ASSIM run simulates a wind more intense than CTL over a large 
part of the Ionian Sea, between Calabria and Apulia, with wind differ
ences that locally exceed 10 m/s.

The results of this section show that even if data assimilation can 
improve the short-term precipitation forecast for the case study, it 
doesn’t improve all the aspects of the forecast, such as the simulation of 
the wind fields and the tornado, for which the CTL run has a better 
performance. Paths for improving the WRF_ASSIM forecast have been 
highlighted in the previous section and need to be explored in future 
works, nevertheless, it is also important to note that the WRF_ASSIM 
forecast predicted conditions favorable to supercell formation with 
possible tornado occurring one hour before the real occurrence of the 
event. The good performance of CTL and, to a lesser extent, of 
WRF_ASSIM, suggests that this tornado case was especially predictable 
(a condition not always satisfied for such particular events).

4. Summary and conclusions

This paper shows the verification and sensitivity tests for a multi- 
hazard event occurred in Southern Italy between 03 and 04 December 
2022. The severity of the event was determined by favorable large scale 
synoptic conditions and by the interaction of the synoptic scale flow 
with the local orography. Large scale flow was directed from S-SW to
wards southern Italy bringing moist and unstable air masses. The 
orographic uplift triggered vigorous convection, heavy rainfall was 
recorded in three regions (Sicily, Calabria and Apulia) and a tornado was 
reported in central-eastern Calabria.

This event was simulated by WRF using different settings of the 
planetary boundary layer, cumulus and microphysics parameterization 
schemes (18 configurations) and for two different sets of initial and 
boundary conditions (ECMWF-IFS and NCEP-GFS).

Results show, in general, a good prediction of the precipitation event, 
as most of the configurations are able to simulate the heavy rainfall that 
characterized this event. However, when ECMWF-IFS IC/BC are used, 

Fig. 14. (a) Composite radar reflectivity (dBZ) and (b) maximum reflectivity (dBZ) and wind vectors at 700 hPa simulated by the WRF model (CTL); both maps refer 
to 03 UTC, 04 December 2022.
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WRF has a better forecast at the local scale, enhancing both its spatial 
representation and the amount of precipitation, as shown by the better 
values of the statistical scores. As expected, IC/BC have an important 
impact on the forecast of severe weather events, and this is confirmed by 
the results of this paper.

While most of the simulations are able to forecast the occurrence of a 
severe convective event for the three regions Sicily, Calabria and Apulia, 
there are substantial differences at the local scale. In particular, the 
simulation with WSM7 for microphysics, KF for the cumulus convection 
parameterization over the mother domain and YSU for PBL performs 
better than other configurations as it better represents the spatio- 
temporal evolution of the storm and the precipitation amounts. 
Further sensitivity tests were performed using a more detailed input for 
SST, the activation of the cumulus parameterization for the 2 km 

horizontal resolution domain and using a higher horizontal resolution 
for the inner domain (1 km); these simulations were compared with the 
CTL run. Results show that using the cumulus convection parameteri
zation for the inner domain has a negative impact on the forecast, as it 
causes many false alarms over the three regions; using the improved SST 
has a negligible impact for this event; refining the resolution improves 
the quality of the forecast as the intensity of the precipitation is better 
determined, especially over Sicily and Calabria, and false alarms are 
reduced.

Finally, the best forecast (CTL) is compared with a simulation using 
lightning and radar reflectivity data assimilation (WRF_ASSIM). The 
latter provides the forecast at the short range in a RUC of 6 h. The results 
reveal that the precipitation forecast of WRF_ASSIM is better than CTL 
for all forecast phases. This result shows again that RUC simulations 

Fig. 15. Updraft Helicity (m2/s2) simulated by WRF for (a) CTL and (b) WRF_ASSIM; wind vectors and wind speed (m/s) at 700 hPa for (c) CTL and (d) 3DVAR. All 
maps refer to 03 UTC, 04 December 2022.
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with data assimilation are able to refine the forecast at the local scale for 
deep convective events as the storm is approaching (Federico et al., 
2024). However, not all the aspects of the forecast are improved by data 
assimilation and, in particular, the forecast of the tornado that occurred 
over Calabria is better forecast by CTL than by WRF_ASSIM. Specifically, 
WRF_ASSIM causes the storm to move faster towards East compared to 
observations and the forecast of the tornado is anticipated by 1 h with 
respect to the real occurrence, while CTL does a very precise forecast in 
time and space. Possible ways to improve the data assimilation forecast 
have been outlined.

In a previous paper, Avolio and Federico (2018) adopted a similar 
approach for the forecast of a severe convective storm over Calabria. The 
results of this paper extend their finding in two main directions: first it is 
shown that enhancing the horizontal resolution can be useful for 
improving the forecast at the local scale, second it is shown that RUC 
cycle with data assimilation can be useful to refine the forecast when the 
storm is approaching or occurring. For the first point, in particular, 
Avolio and Federico (2018) considered the 1 km horizontal resolution 
over Calabria, nevertheless their analysis considered rainfall thresholds 
much lower than those of this paper and they concluded that the 1 km 
horizontal resolution had a positive but small impact on the precipita
tion forecast. In this paper, we extend this result showing that the higher 
horizontal resolution can improve the quality of the forecast, especially 
when high precipitation is considered (in this paper rainfall larger than 
40 mm / 6 h). Finally, the focus on the tornado extends the analysis done 
in the previous paper. Of course, the usefulness of using many simula
tions with different WRF configurations, as those shown in this paper or 
in Avolio and Federico (2018), is determined by the fact that many 
configurations correctly forecasted the severity of the event, showing a 
high probability of occurrence of a severe storm.

It is important to highlight that the results of this paper refer to a case 
study only and it will be important to test, in future works, the proposed 
methodology for multiple similar cases, in order to improve the 
robustness of the results. However, what is exportable is the method
ology proposed and some specific results. The methodology is composed 
of two steps: first, running an ensemble of WRF simulations with 
members using different initial and boundary conditions and with 
different physical settings. The output of the ensemble provides infor
mation about the severity of the storm and its probability of occurrence. 
Then, a RUC forecast with data assimilation of observations at the local 
scale is used to refine the forecast while the event is occurring or 
approaching for fast response actions. About the specific results, the 1 
km horizontal resolution experiment shows that the horizontal resolu
tion of the ensemble and of the RUC cycle should be high to better 
represent the interaction between the storm and local orography.

Despite the potential of the approach proposed in this paper for the 
prediction of severe weather events, there are some limitations in this 
study. Limits in the 3DVAR have been already discussed in Section 3.2.3. 
However, there are limitations in the WRF setting itself. First, the 
ensemble doesn’t account for some important physical parameteriza
tions as, for example, double moment microphysics schemes. Second, we 
used the different runs of WRF to show the high probability of occur
rence of a severe weather event as many members predicted heavy 
rainfall in southern Italy. A better forecast could be attained optimally 
combining the output of the different WRF configurations (multi-physics 
ensemble) with observations, hopefully improving the forecast for time 
ranges longer than 6 h. Nevertheless, a large number of cases should be 
considered for the setting of the multi-physics ensemble. Finally, in a 
recent study, Lagasio et al. (2022) combined the output of different WRF 
runs with observational nowcasting to improve the forecast of convec
tive events. The combination gives more weight to the forecasts that 
were more in agreement with rainfall observations at the run-time, 
resulting in an improvement of the performance compared to the 
initial unweighted forecasts. This research will be the focus of future 
studies.
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