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Abstract: During the autumn season, Sicily is often affected by severe weather events, such as self-
healing storms called V-shaped storms. These phenomena cause significant total rainfall quantities in
short time intervals in localized spatial areas. In this framework, this study analyzes the meteorologi-
cal event recorded on 11-12 November 2019 in Sicily (southern Italy), using the Weather Research and
Forecasting (WRF) model with a horizontal spatial grid resolution of 3 km. It is important to note that,
in this event, the most significant rainfall accumulations were recorded in eastern Sicily. In particular,
the weather station of Linguaglossa North Etna (Catania) recorded a total rainfall of 293.6 mm. The
precipitation forecasting provided by the WRF model simulation has been compared with the data
recorded by the meteorological stations located in Sicily. In addition, a further simulation was carried
out using the Four-Dimensional Data Assimilation (FDDA) technique to improve the model capability
in the event reproduction. In this regard, in order to evaluate which approach provides the best
performance (with or without FDDA), the Root Mean Square Error (RMSE) and dichotomous indexes
(Accuracy, Threat Score, BIAS, Probability of Detection, and False Alarm Rate) were calculated.

Keywords: WRF model; severe weather events; numerical weather prediction; precipitation forecast;
FDDA

1. Introduction

The Mediterranean Sea is a geographic area that is particularly affected by Global
Warming [1-4]. Despite negative temperature anomalies were observed in the Northern At-
lantic Ocean (e.g., Cold Blob), in the last few years, positive anomalies in the Mediterranean
area were recorded [5-7]. In this regard, with the aim to show the upward trend of the
sea surface temperature in the Mediterranean Sea [8,9], the marine climate data, recorded
by the Rete Mareografica Nazionale (RMN), belonging to the Istituto Superiore per la
Protezione e la Ricerca Ambientale (ISPRA) (available at https:/ /www.mareografico.it/
(accessed on 13 December 2022)), were analyzed. The RMN is composed of 36 stations,
evenly distributed in the Italian territory, mainly placed inside portual areas. In particular,
three measuring stations (see Figure 1), two of these placed in eastern Sicily (Messina and
Catania cities), and the other one placed in Lampedusa Island, which, in relation to its
geographical position, represents a natural hotspot on the Mediterranean Sea for Climate
Change studies, were selected.
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Figure 1. Map showing the position of the analyzed measuring stations in Sicily, belonging to ISPRA
(yellow markers) and INGV (light blue marker) networks (edited from Google Earth).

Figure 2 shows the charts of sea surface temperature from January 2010 to December
2022.
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Figure 2. Charts showing the upward trend of sea surface temperatures from January 2010 to
December 2022 (data available online on ISPRA website).

The considered stations show an upward trend for the study period, both from maxi-
mum and minimum values.

In addition, in order to highlight that the positive thermal anomaly recorded in
the Mediterranean Sea does not concern only surface temperatures, data acquired by a
multidisciplinary submarine observatory, starting from the end of 2015, were analyzed.
This research infrastructure, managed by the Istituto Nazionale di Geofisica e Vulcanolo-
gia (INGV) of Palermo (Italy), is located about 2 miles east of Panarea Island (Aeolian
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Archipelago, Southeastern Tyrrhenian Sea, see Figure 1) and consists in a pole beacon
connected to a seafloor observatory located at depth of about 23 m [10,11]. The analysis
focused on the autumn period and the result obtained shows an increase in the trend of
thermal values, especially during November and December (see Figure 3).
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Figure 3. Chart showing the upward trend of the autumn sea temperature from 2015 to 2021.

This situation accentuates the horizontal thermal gradient allowing the oceanic dis-
turbances that reach the regions of Italy to acquire more vigor. In fact, high sea surface
temperature values provide a lot of energy resources, in terms of heat and humidity, which
are made available to incoming atmospheric disturbances.

Moreover, the orographic conditions play a key role in the genesis of cyclonic vortices
in the Mediterranean basin [12-18]. For example, in presence of fluxes coming from the
Atlantic Ocean, the formation of downwind-powered low-pressure systems can be favored
(e.g., formation of downwind-powered low-pressure systems which form in the Pyrenees
area, close to the Balearic archipelago). Another phenomenon to be mentioned here is
the North African cyclogenesis, which is caused by the effects of the Atlas Mountains
(Algeria). A further example is represented by the cyclonic vortices which generating
on the Tyrrhenian Sea when an air mass coming from northern sectors collides with the
Alps or Apennines. Therefore, the above-mentioned weather phenomena have always
existed. However, the sea surface temperature warming can increase their intensity and, if
the thermal values on the sea surface exceed 26-27 °C, favor the transition of cyclones to
tropical-like or tropical systems [19,20].

In this context, during the autumn period, Sicily, particularly the eastern sector, is often
affected by intense weather events [21-24]. When cyclonic vortices of Afro-Mediterranean
matrix occur, it can be possible the activation of warm-humid air flows from Libya, called
Warm Conveyor Belt. These flows, crossing wide streches of sea (high fetch), further
increase their amount of available water vapor, reaching high values of Precipitable Water
(PW).

When atmospheric flux coming from the Southeast collides with the eastern mountains
of Sicily, the atmospheric instability is increased by the orographic forcing [25]. In fact, the
warm-humid mass, in relation to the presence of Etna Mount and Peloritani Mounts, is
forced to lift.

Furthermore, in presence of favorable conditions, such as upper air disturbances (e.g.,
the subtropical jet stream), in these areas, the genesis of intense Mesoscale Convective
Systems (MCSs) is possible [26-28].
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The thunderstorms developed upwind close to reliefs generate, in turn, the gust-front
(cold front on small scale) coming down toward the coasts. The presence of air flows
coming from southeastern sectors, with a large amount of available thermal energy, can
generate new convective cells on the sea behind (thermodynamic feedback), allowing the
thunderstorm to become stationary. This generates self-healing semistationary thunder-
storms that can accumulate a large amount of rainfall on the ground, causing massive
damage.

In addition, the positive wind shear (air flows from SE on the ground and SW in
altitude) can generate the so-called V-shaped storms, which are quasistationary storm
systems that cause intense and persistent rainfall, always in the same area. The V-shaped
storms are MCSs consisting of several cells close together and in different evolutionary
states. These backward regenerative systems that take on a V shape in the infrared satellite
imagery are characterized by a narrow vertex (tip of the V) where new convective cells are
often formed in a rapid sequence, causing the maximum rainfall peak, while the mature
and old ones move toward the V branches, following the wind direction at altitude [29].
These events cause huge amounts of rainfall, characterized by high rain rate values.

As mentioned above, the increase of sea surface temperature favors the genesis of
V-shaped storms, especially in the autumn season. In the last few years, these phenomena
caused important hydrogeological damage in different regions of the Mediterranean basin
(e.g., Spain, France, and Italy) [30-33].

In this context, there are many works in literature on V-shaped systems over North-
western Italy, especially regarding Liguria and Tuscany [34-39]. Moreover, even Sicily is
often affected by V-shaped storms [40].

In this framework, with the aim to study one of these meteorological events, we
analyzed an event recorded on November 2019. In particular, from the meteorological
point of view, Sicily was affected by three relevant events on the dates: 11-12, 16-17, and
23-24 November. Among these days, the most severe weather event was recorded on 11
and 12 November, which affected, in particular, the eastern sector of Sicily, where intense
rainfall accumulations were observed (maximum rainfall accumulation recorded by the
Linguaglossa North Etna meteorological station equal to 293.6 mm at the end of the event).

The purpose of this work is to evaluate the capability of the Weather Research and
Forecasting (WRF) model [41], specifically developed and optimized for the complex
orography of Sicily [42], in the reproduction of this event. In particular, a simulation with
the WRF model, in order to evaluate its performance for rainfall estimation, was carried
out. In addition, it was considered interesting to carry out a second simulation using the
Four-Dimensional Data Assimilation (FDDA) technique in order to assess whether, in this
case, a better estimate of the precipitations would be obtained.

2. Materials and Methods
2.1. The Weather Research and Forecasting Model

The WRF model is a new generation Numerical Weather Prediction (NWP) system
that works on limited area (LAM—Limited Area Model). This model has been developed
both for research and operational application.

In the present work, the release 4.1.2 [43] of the WRF model (available at https://
www2.mmm.ucar.edu/wrf/users/wrf_files/ (accessed on 20 September 2021)), with the
use of specific configurations and parameterizations for the regional features of territory
has been used.

The dynamical solver employed was the Advanced Research WRF (ARW), which inte-
grates Euler’s equations, operating in nonhydrostatic conditions and taking compressibility
into account. The equations are expressed in flux form by using physical variables that have
conservation properties for mass, energy, and momentum [44]. Moreover, the use of terrain-
following hydrostatic-pressure coordinates, for the vertical domain, is adopted [45,46].
Instead, along the horizontal domain, the ARW core works with a staggered Arakawa
C-grid [43]. The vertical domain has been composed of 65 levels, up to 50 hPa.
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The data acquired from the Global Forecast System (GFS) with a resolution of 0.25 de-
grees (available at https://soostrc.comet.ucar.edu/data/grib/gfsp25/20191111/ (accessed
on 5 September 2022)) provided the initial and boundary conditions. We have used data
with a time resolution equal to one hour, processed starting from the 00:00 UTC run, relative
to 11 November 2019, thus providing a sufficient spin-up time [47-49]. The performed sim-
ulation ended at 00:00 UTC of 13 November 2019, for a total duration of 48 h. Furthermore,
the Real-Time Global Sea Surface Temperature Analysis (RTG-SST), with a resolution equal
to 0.083 degrees (available via ftp at: ftp:/ /ftp.ncep.noaa.gov/pub/data/nccf/com/gfs/
prod (accessed on 5 September 2022)) was used. Values of RTG-SST for 11 November 2019
are shown in Figure 4. In particular, between the coasts of eastern Sicily and north Africa,
the SST had values of around 24 °C, with maximum peaks close to 26 °C.

Real-Time Global Sea Surface Temperature (RTGSST)

=

Sea Surface Temperature (°C)

8 10 12 14 16 18 20 22 24 26 28 30 32

Figure 4. Real-Time Global Sea Surface Temperature Analysis referred to 11 November 2019.

The nesting protocol [50,51], with One-Way configuration [52,53], was adopted. With
the use of this technique, it was possible to obtain a nested domain, with a finer spatial
grid and, consequently, an increased spatial resolution with respect to the parent domain.
The two different employed domains, with the respective resulting orography, are reported
in Figure 5. In particular, starting from a parent domain with a resolution of 9 km (left in
Figure 5), a nested domain (right in Figure 5) with a resolution of 3 km (ratio 1/3) was
obtained.


https://soostrc.comet.ucar.edu/data/grib/gfsp25/20191111/
ftp://ftp.ncep.noaa.gov/pub/data/nccf/com/gfs/prod
ftp://ftp.ncep.noaa.gov/pub/data/nccf/com/gfs/prod

Atmosphere 2022, 14, 390

6 of 26

Figure 5. Representation of the domains and the orography, passing from the parent domain to the
nested one.

Table 1 shows the parameterizations adopted. Their choice was based on the results
obtained previously [54-57].

Table 1. Phisycal parameterizations of the WRF model adopted in this case study.

Namelist Variable 9 km domain 3 km domain
Long-wave Radiation ra_lw_physics RRTMG [58] RRTMG [58]
Short-wave Radiation ra_sw_physics RRTMG [58] RRTMG [58]
PBL Model bl_pbl_physics MY] [59,60] MY] [59,60]
Land-Surface sf_surface_physics NLSM [61] NLSM [61]
Microphysics mp_physics Thompson [62] Thompson [62]
Cumulus cu_physics Kain-Fritsch [63] Explicit [64,65]

With the aim to study the severe weather event occurred in Sicily on 11 and 12
November 2019, a simulation with the WRF model was performed. Subsequently, a
further simulation was carried out, with the same physic-configuration, in which the
Four-Dimensional Data Assimilation (FDDA) technique was implemented.

The FDDA was added to the WRF model to study the impact of “nudging” on the
prediction [66]. The nudging is a consolidated methodology used to improve the model
performance. This methodological approach relies on the dynamical relaxation to adjust the
model regarding observations data; the dynamical downscaling is based on a Newtonian
relaxation method keeping all the features of the large-scale gridded analysis field. FDDA
in WREF could be considered as observational and analysis nudging, regardless of the types.
It has been shown that this technique improves air quality prediction, and if it is applied to
surface temperature and wind, it enhances the simulation of the inversion layer structure.
This approach is commonly considered robust and computationally efficient [67,68].

Particularly, in the present study, we used the FDDA grid-nudging for temperature,
horizontal wind speed, and relative humidity in all layers of the domain, including the PBL
(Planetary Boundary Layer). The model level below which nudging is switched off for all
components is the first level. The meteorological fields adopted for the nudging are those
used for initial and boundary conditions (i.e., GFS grib files at 0.25 degrees, starting from
00:00 UTC of 11 November 2019). Moreover, the model is forced to use them every 6 h, and
not only during the pre-event phase but also during the entire period of simulation.
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2.2. Synoptic Analysis

In order to carry out a detailed synoptic analysis of 11 and 12 November 2019, data
obtained from the ERA5 Reanalisys [69], which has 137 vertical levels and about 30 km of
horizontal resolution, were used. Geopotential fields were obtained from the ERAS5 hourly
data on pressure levels (available from 1979 to present) in NetCDF format (https://www.
unidata.ucar.edu/software /netcdf/) (accessed on 13 January 2022) from the Copernicus
Climate datastore (https://cds.climate.copernicus.eu/ (accessed on 5 September 2022)).

In particular, the maps of geopotential height at 500 hPa (Figure 6) show the presence
of a cyclonic vortex, which, at 00:00 UTC on 11 November 2019, was positioned between
Spain, Sardinia, and the northern African coasts (top left in Figure 6). In the following
hours, with a classic zonal circulation, the cyclonic vortex reached Sicily (top right and
bottom panels in Figure 6).

11/11/2019 — 00:00 UTC 11/11/2019 - 12:00 UTC

50°N

40°N }

- 30°N i
10°E 20°E e 0°E 10°E 20°E 30°E
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= 7 o
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<HEET >
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Figure 6. The 500 hPa geopotential height (gpdm) at 00:00 UTC, 12:00 UTC of 11 November 2019 and
00:00 UTC, 12:00 UTC of 12 November 2019.

This meteorological framework is often the cause of particular relevant weather events,
in which extreme rainfall accumulations are recorded, especially in eastern Sicily.

In particular, the genesis of the recorded meteorological event was due to different
conditions. In fact, the baric situation described has triggered intense winds from the
southern quadrants (see Figure 7), favoring the ascent of warm-humid air masses that have
affected Sicily (see Figures 8 and 9).
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Figure 8. Temperature (°C) at 850 hPa at 00:00 UTC, 12:00 UTC of 11 November 2019 and 00:00 UTC,

12:00 UTC of 12 November 2019.
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Figure 9. Relative humidity (%) at 850 hPa at 00:00 UTC, 12:00 UTC of 11 November 2019 and 00:00
UTC, 12:00 UTC of 12 November 2019.

In addition, a significant contribution to the genesis of the meteorological event has
been provided by the enormous quantity of water vapor released from the sea south of
Sicily, still remarkably warm compared to the temperatures of the soil (Figure 4), to the air
flow in the low layers.

Finally, the complex orography of Sicily plays an important role. In particular, in the
eastern sector, the orographic forcing (adiabatic expansion [70,71], called Stau effect, due to
the forced ascent caused by Etna and the Peloritani) favored the genesis of the convective
motions.

Given the peculiar features of the expected meteorological event, the Centro Fun-
zionale Decentrato-Idrogeologico (CDF-Idro) of the Dipartimento Regionale di Protezione
Civile (DRPC) of Sicily, issued the red alert in the notice for the meteo-hydrogeological risk.

The infrared image from the EUMETSAT satellite (see Figure 10), at 15:00 UTC on 11
November 2019, shows the genesis of a particular thunderstorm structure called a V-shaped
storm.
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dificd: wetlcrziptrale de

Figure 10. Infrared satellite image at 15:00 UTC of 11 November 2019, in which the genesis
of a V-shaped storm is shown. Image used for permission by ©EUMETSAT, Modified: wet-
terzentrale.de available online https://www.wetterzentrale.de/reanalysis.php-jaar=2019&maand=
11&dag=11&uur=1500&var=44&map=1&model=sat (accessed on 11 November 2019).

In this framework, intense and persistent storms, with intensive rainfall accumulations,
were recorded in the central-southern and eastern sectors of Sicily. The highest rainfall was
recorded during the afternoon hours of day 11 November 2019; persistent rainfall occurred
on 12 November 2019.

Figure 11 shows cumulative rainfall from 00:00 of 11 November 2019 to 00:00 of 13
November 2019, highlighting the hydrogeological and hydraulic effects on the ground.

°IE§'% Rainfall accumulations from 00:00 UTC of 11 November to 00:00 of 13 November 2019

s dﬁ}

SICILIA

X

A Active pluviometric stations in the network of OdA, SIAS and DRPC
% Significant ground effects known to CFD-Idro
Processing: DRPC Sicilia / CFD-Idro

Figure 11. Cumulative rainfall (mm) in the 48 h from 00:00 UTC of 11 November to 00:00 UTC of 13
November 2019.
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The Linguaglossa North Etna meteorological station recorded the maximum rainfall
peak, equal to 293.6 mm. In Figure 12, the hourly precipitation (green bars), the total rainfall
accumulations (red line) and the maximum precipitation every three hours (blue line), are
shown. In particular, it can be noted that the most intense rainfall accumulations were
recorded between 13:00 UTC and 23:00 UTC on 11 November 2019.

50 400

=o== Total Rainfall

i
o
o

45 === 3-Hour Rainfall 360
Maximum 3-Hour Rainfall = 85.20 mm/3h mmm Huorly Rainfall

v D ~ o] O
o o o o o

3-Hour Rainfall accumulations (mm/3h)

Hourly Rainfall (mm)
N w B
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[ai
o

o

UTC Date Time (DD MM hh:mm)

Figure 12. Rainfall accumulations detected by the Linguaglossa North Etna weather station belonging
to the Servizio Informativo Agrometeorologico Siciliano (SIAS).

These weather conditions caused important effects on the ground, such as flooding in
urban areas, debris spills along the roads, landslides, flooding of watercourses, fallen trees,
and ingressions of the sea, with temporary evacuations and interruptions in rail and road
connections.

3. Results and Discussion

With the aim to evaluate the capability of the WRF model in rainfall esitmation,
two simulations were performed, adopting a nested domain with horizontal spatial grid
resolution equal to 3 km: the first one without the use of the FDDA technique, the second
one including the FDDA.

In Figure 13 are shown the maps of the forecasted rainfall accumulations at intervals
of three hours, without the use of the FDDA technique. In particular, during the early
afternoon of 11 November 2019 (from 12:00 UTC to 15:00 UTC), the simulation forecasted
rainfall both for the western and eastern sectors of Sicily (panel a)). During the second part
of the afternoon and the evening, rainfalls were forecasted in the entire Sicilian territory.
However, the most intense phenomena were forecasted in the eastern sector, starting from
the 15:00-18:00 UTC interval (panel b)), until the early hours of the following morning,
(00:00-03:00 UTC, panel e)). The greatest accumulations (values of about 120 mm/3 h close
to the Etna area) were expected in the 18:00-21:00 UTC interval of 11 November 2019. In the
following hours of 12 November, less intense precipitations were forecasted in the entire
region (from panel f) to panel n)).
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Figure 13. Maps showing rainfall accumulations (in mm) forecasted at intervals of three hours from
12:00 UTC of 11 November to 00:00 UTC of 13 November 2019.

In Figure 14 is shown the rainfall accumulations map in 36 h. Particularly, in the
Etna area and in Southeastern sectors of Sicily, the maximum expected peaks were about

340 mm /36 h and 140 mm /36 h respectively.
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Figure 14. Map showing rainfall accumulations (in mm) forecasted for the entire event (36 h), from
12:00 UTC of 11 November to 00:00 UTC of 13 November 2019.

Moreover, in order to compare expected rainfall data with those observed in different
areas of the Sicilian territory, the hourly rainfall accumulations in the geographical coordi-
nates of 27 meteorological stations, belonging to the network of the Servizio Informativo
Agrometeorologico Siciliano (SIAS), were extracted. These stations (geographical locali-
sation shown in Figure 15) were chosen to take into account the features of the extreme
weather event under consideration. In particular, the stations were placed: two in the
province of Trapani (Erice, Trapani); three in the province of Palermo (Mezzojuso, Termini
Imerese, Lascari); four in the province of Messina (Pettineo, Cesard Vignazza, Caronia
Pomiere, Montalbano Elicona); two in the province of Enna (Agira, Enna); four in the
province of Catania (Bronte, Linguaglossa North Etna, Paternd, Mazzarrone); three in the
province of Siracusa (Augusta, Siracusa, Palazzolo Acreide); four in the province of Ragusa
(Modica, Comiso, Santa Croce Camerina, Acate); two in the province of Caltanissetta (Gela,
Butera); and three in the province of Agrigento (Licata, Agrigento Mandrascava, Sciacca).
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Erice (TP);

Trapani Fulgatore (TP);
Mezzojuso (PA);

Termini Imerese (PA);
Lascari (PA);

Pettineo (ME);

Cesaro Vignazza (ME);
Caronia Pomiere (ME);
Montalbano Elicona (ME);
10. Agira (EN);

11. Enna (EN);

12. Bronte (CT);

13. Linguaglossa — North Etna (CT);
14. Paterno (CT);

15. Mazzarrone (CT);

16. Augusta (SR);

17. Siracusa (SR);

18. Palazzolo Acreide (SR);
19. Modica (RG);

20. Comiso (RG);

21. Santa Croce Camerina (RG);
22. Acate (RG);

23. Gela (CL);

24. Butera (CL);

25. Licata (AG);

70 km ‘ e . : : 26. Agrigento Mandrascava (AG);
27. Sciacca (AG).

52 62 B 60 B0 = (9 B2 1

Figure 15. Map showing the weather stations chosen in the Sicilian territory (edited from Google
Earth).

Table 2 shows the comparison between total rainfall accumulations observed by the
meteorological stations and those simulated by the WRF model, starting from 12:00 UTC of
11 November 2019 to 00:00 UTC of 13 November 2019.

Table 2. Comparison among cumulative rainfall values (in mm) at the end of the event observed by
the SIAS weather stations and those simulated by the WRF model.

Stations Observed WRF—No FDDA
Erice (TP) 30.8 29.6
Trapani Fulgatore (TP) 36.6 39.1
Lascari (PA) 240 19.3
Mezzojuso (PA) 37.4 37.6
Termini Imerese (PA) 29.2 25.6
Caronia Pomiere (ME) 1154 104.1
Cesaro Vignazza (ME) 101.8 151.3
Montalbano Elicona (ME) 86.6 141.2
Pettineo (ME) 47.6 33.7
Bronte (CT) 108.4 109.9
Linguaglossa North Etna (CT) 293.6 328.3
Mazzarrone (CT) 90.4 95.3
Paterno (CT) 89.2 120.6
Agira (EN) 101.6 81.2
Enna (EN) 67.8 67.4
Augusta (SR) 60.4 128.4
Palazzolo Acreide (SR) 69.8 154.8
Siracusa (SR) 57.6 122.1
Acate (RG) 82.4 100.6
Comiso (RG) 82.2 83.9
Modica (RG) 82.2 137.5
Santa Croce Camerina (RG) 87.4 102.9
Gela (CL) 114.4 97.2
Butera (CL) 102.2 91.3
Agrigento Mandrascava (AG) 78.6 83.5
Licata (AG) 95.6 84.4
Sciacca (AG) 50.8 57.9

Total rainfall accumulations close or higher to 100 mm were observed from the follow-
ing weather stations: Licata (95.6 mm), Agira (101.6 mm), Cesaro Vignazza (101.8 mm),
Butera (102.2 mm), Bronte (108.4 mm), Gela (114.4 mm), Caronia Pomiere (115.4 mm)
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and North Etna (293.6 mm). In these points, the WRF simulation forecasted total rain-
fall accumulations equal to: Licata (84.4), Agira (81.2 mm), Cesaro Vignazza (151.3 mm),
Butera (91.3 mm), Bronte (109.9 mm), Gela (97.2 mm), Caronia Pomiere (104.1 mm), and
Linguaglossa North Etna (328.3 mm).

Therefore, there is a good accordance between forecasted data and those observed, in
particular in the maximum values (in Linguaglossa North Etna). However, from the com-
parison, it is evident that the simulation overestimates the expected rainfall accumulations
in the Southeastern areas of Sicily (Siracusa and Ragusa).

Regarding the simulation with the FDDA technique, in Figure 16, the maps of expected
rainfall accumulations at time intervals of three hours, are shown.

In this case, the rainfall accumulations forecasted, during the afternoon, affected only
the western and eastern sectors of Sicily (panels a) and b)). In the evening, precipitations
were expected in much of the regional territory. However, the most intense phenomena
were expected in the eastern sector of Sicily, particularly close to the Etna area and the Iblei
Mounts, in the intervals 18:00-21:00 UTC and 21:00-00:00 UTC (panels c) and d)), in which
the simulation forecasted rainfall accumulations close or higher than 100 mm/3 h. In the
early hours (00:00-03:00 and 03:00-06:00 UTC) of 12 November 2019, rainfall accumulations
close to 3040 mm/3 h on the central and eastern sectors of Sicily were expected (panels e)
and f)). In the following hours, the forecasted rainfalls were in attenuation and extension in
most of the Sicilian regional territory (from panel g) to panel n)).

@)  Total Precipitation (mm/3h) 15:00 UTC - 11/11/2019 b)  Total Precipitation (mm/3h) 18:00 UTC - 11/11/2019
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Figure 16. Cont.
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Figure 16. Maps showing rainfall accumulations (in mm) forecasted (with FDDA) at intervals of
three hours from 12:00 UTC of 11 November to 00:00 UTC of 13 November 2019.

Figure 17 shows the rainfall accumulations map in 36 h. In this simulation, the highest
rainfall accumulations were forecasted in the eastern sector of Sicily, particularly in the
Etna area (with maximum peaks of about 300 mm /36 h) and in the provinces of Ragusa
and Siracusa (with maximum peaks of about 220 mm/36 h).

Total Precipitation (mm/36h)
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39°N

38°N
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36°N —]
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Rainfall (mm)
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00:00 UTC - 13/11/2019
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Figure 17. Map showing rainfall accumulations (in mm) forecasted (with FDDA) for the entire event
(36 h), from 12:00 UTC of 11 November to 00:00 UTC of 13 November 2019.
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In Table 3 a comparison between rainfall accumulations observed by the meteorological
stations, total rainfall accumulations simulated by the WRF model without FDDA and total
rainfall accumulations simulated by the WRF model with FDDA, starting from 12:00 UTC
of 11 November 2019 to 00:00 UTC of 13 November 2019, was reported.

Table 3. Comparison among cumulative rainfall values (in mm), at the end of the event, observed
by the SIAS weather stations and those simulated by the WRF model, without and with FDDA
technicque.

Stations Observed WRF—No FDDA WRF—FDDA
Erice (TP) 30.8 29.6 38.6
Trapani Fulgatore (TP) 36.6 39.1 46.5
Lascari (PA) 24.0 19.3 144
Mezzojuso (PA) 374 37.6 16.2
Termini Imerese (PA) 29.2 25.6 16.7
Caronia Pomiere (ME) 1154 104.1 93.9
Cesaro Vignazza (ME) 101.8 151.3 106.2
Montalbano Elicona (ME) 86.6 141.2 82.5
Pettineo (ME) 47.6 33.7 304
Bronte (CT) 108.4 109.9 123.0
Linguaglossa North Etna (CT) 293.6 328.3 283.5
Mazzarrone (CT) 90.4 95.3 68.9
Paterno (CT) 89.2 120.6 101.3
Agira (EN) 101.6 81.2 100.0
Enna (EN) 67.8 67.4 58.4
Augusta (SR) 60.4 128.4 97.2
Palazzolo Acreide (SR) 69.8 154.8 1144
Siracusa (SR) 57.6 122.1 84.3
Acate (RG) 82.4 100.6 60.2
Comiso (RG) 82.2 83.9 60.4
Modica (RG) 82.2 137.5 95.7
Santa Croce Camerina (RG) 87.4 102.9 62.5
Gela (CL) 1144 97.2 784
Butera (CL) 102.2 91.3 62.3
Agrigento Mandrascava (AG) 78.6 83.5 84.8
Licata (AG) 95.6 84.4 91.1
Sciacca (AG) 50.8 57.9 36.3

Considering the stations which observed rainfall accumulations close or higher to
100 mm/ 36, the simulations with FDDA forecasted total rainfall accumulations equal to:
Licata (91.1), Agira (100.0 mm), Cesaro Vignazza (106.2 mm), Butera (62.3 mm), Bronte
(123.0 mm), Gela (78.4 mm), Caronia Pomiere (93.9 mm) and Linguaglossa North Etna
(283.5 mm).

Figure 18 shows the comparison between hourly rainfall accumulations observed by
the above-mentioned stations and data forecasted by the simulations in both configurations
(with and without FDDA).
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Figure 18. Charts showing the comparison between rainfall accumulations observed by the weather
stations chosen in the Sicilian territory and those forecasted by two different simulations carried out

using by WRF model.

The comparison shows that the simulation with the use of the FDDA technique
provides a better reproduction of the maximum rainfall accumulation recorded by the
meteorological station of Linguaglossa North Etna. However, some points are less in
accordance with the data observed.

Furthermore, a comparison (see Figure 19) among the total rainfall accumulations
observed from the 27 meteorological stations (purple line) and those forecasted from the
two simulations (red line without FDDA and orange line with the FDDA technique) was

carried out.
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Figure 19. Chart showing the comparison between total rainfall accumulations observed by the
weather stations chosen and those forecasted by two different simulations carried out by using WRF
model.

Figure 19 shows, in general, a good agreement between simulated data and those
observed. The rainfall data obtained from the simulation with FDDA are closer to the
observed data, while the rainfall data obtained without FDDA are often greater than those
observed.

Finally, statistical methods were used, in order to verify the accuracy of the simulations
of the WRF model. In particular, taking the observed values and the results of the two
simulations into account, the root mean squared error (RMSE), and the yes/no dichotomous
indices, obtained through the contingency table, were calculated.

As regards the calculation of the RMSE, the results show that the performance of the
WREF simulation using the FDDA technique is better than that of the WRF without FDDA.
In fact, with the FDDA, a value RMSE equal to 23.01% was obtained; with the simulation
without FDDA, the value of the RMSE was 36.11%.

For yes/no dichotomous indexes, it was necessary to prepare a the contingency table
of I x J elements (with I =2 and ] = 2). This table contains the absolute frequencies of
all possible combinations of observed and simulated rainfall data pairs, in relation to the
27 selected stations, at hourly time intervals.

In Figure 20, values of dichotomous indices obtained, such as Accuracy, Threat Score
(TS), BIAS, Probability Of Detection (POD), and False Alarms Rate (FAR), were reported.

From the diagram, it is possible to notice that, in both simulations, an “Accuracy’
and a “TS” close to or higher than 70% were obtained. In addition, the value of POD
was close to 90%. The value of BIAS > 1 indicates that both simulations showed a more
frequent (albeit slight) prediction of events than those observed. This is also confirmed by
the obtained value of the FAR (equal to 0.23 and 0.24, respectively).
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Figure 20. Bar histogram showing the values of the dichotomous indexes obtained from the compari-
son between observed rainfall data and those forecasted by the simulations performed (without and
with FDDA).

4. Conclusions

In the present work, an intense weather event occurred in Sicily on 11 and 12 November
2019 was analyzed using the WRF model. The interest in this phenomenon is due to the
fact that in the autumn period Sicily is often affected by severe meteorological events. In
this regard, the Sicilian territory, during November 2019, was affected by three different
relevant events on the following dates: 11-12, 16-17, and 23-24 November. Among these
days, the most intense weather event was recorded on 11 and 12 November. In particular,
the eastern sector of Sicily was the most affected by the event, where a V-shaped Storm
occurred. The maximum peak of rainfall accumulation, equal to 293.6 mm/36 h, was
observed by the weather station of Linguaglossa North Etna.

In this framework, two simulations using the WRF model with a horizontal grid spac-
ing of 3 km (obtained with nesting technique) and physical parameterizations specifically
optimized for Sicily, were carried out. The boundary conditions were obtained from the
GFS global model. In the first simulation, in which the FDDA technique was not employed,
the maximum rainfall accumulation expected in Linguaglossa North Etna was equal to
328.3 mm/36 h. In the second one, with the use of FDDA technique, the maximum rainfall
accumulation expected, in the same place, was equal to 283.5 mm/36 h, in more accordance
with observed data, with respect to the simulation without FDDA.

With the aim to evaluate the WRF model capability in the reproduction of this event,
a comparison between rainfall simulated and those observed by 27 weather stations of
the network belonging to the SIAS, was carried out. Moreover, in order to evaluate the
performance of the two simulations (without and with the use of FDDA) statistical methods,
such as RMSE and dichotomous indexes, were used. The performed analysis highlight that
the simulation with the FDDA technique obtained an RMSE value equal to 23.01%. This
result was better than that obtained from the simulation without FDDA (RMSE equal to
36.11%). Concerning the dichotomous indexes, both simulations obtained similar values.
In particular, a good value, both for Accuracy and TS (about 70%), was obtained. POD
value was about 90%. However, both simulations overestimated the event, albeit slightly.
In fact, BIAS values were 1.17 for the simulation without FDDA and 1.13 for that with
FDDA. This was confirmed also by the value of FAR, equal to 0.23 and 0.24, respectively
for simulations without and with FDDA.

In conclusion, Sicily, a region characterized by a complex orography and surrounded
by the Mediterranean Sea, in which the SSTs show an increase in the last few years, can
represent a focal point for the study of severe weather events (e.g., V-shaped storms). In
addition, it is shown that the WRF model, properly optimized for the territory under study;,
represents a valid tool for precise forecasts, including localized and extreme weather events.
Therefore, the results obtained from the simulations highlight that the WRF model can be a
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valid support to help contain damage and reduce hydrogeological risk factors. Moreover,
the simulation carried out with the FDDA technique has evidenced an improvement in
the reproduction of the event (better value of RMSE), especially in the areas where the
maximum rainfall peak has been observed by the network of meteorological stations taken
into consideration. This result suggests that a multimodel approach can provide useful
information both to the agencies in charge of the branch of the meteorological alert states
(e.g., DRPC of Sicily) and all potential public and private stakeholders.
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