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Abstract: A destructive V-shaped thunderstorm occurred over the Marche Region, in Central Italy,
on 15 September 2022. Twelve people died during the event, and damage to properties was extensive
because the small Misa River flooded the area. The synoptic-scale conditions that caused this
disastrous event are analysed and go back to the presence of tropical cyclone Danielle in the eastern
Atlantic. The performance of the weather research and forecasting (WRF) model using lightning
data assimilation (LDA) is studied in this case by comparing the forecast with the control forecast
without lightning data assimilation. The forecast performance is evaluated for precipitation and
lightning. The case was characterised by four intense 3-h (3 h) periods. The forecasts of these four 3-h
phases are analysed in a very short-term forecast (VSF) approach, in which a 3 h data assimilation
phase is followed by a 3 h forecast. A homemade 3D-Var is used for lightning data assimilation
with two different configurations: ANL, in which the lightning is assimilated until the start of the
forecasting period, and ANL-1H, which assimilates lightning until 1 h before the 3 h forecasting
period. A sensitivity test for the number of analyses used is also discussed. Results show that LDA
has a significant and positive impact on the precipitation and lightning forecast for this case.

Keywords: V-shaped storm; lightning; data assimilation; WREF

1. Introduction

Severe precipitation events and flooding are a main concern for their environmental,
societal and economic impacts. The IPCC (Intergovernmental Panel for Climate Change)
ARG (sixth assessment report) report [1] indicates that these events have been increasing
over Europe since 1950 and will occur more often with the changing climate [2—6].

The Mediterranean area, and Italy in particular, is prone to severe weather events and
flooding because of the orography and the presence of a warm sea. These disastrous events
are often caused by cyclones, and, in the last decades, efforts have been made to better
understand the Mediterranean cyclones not only from a physical and climatic point of view
but also from their impacts. The MEDiterranean Experiment (MEDEX) [7] and Hydrological
Cycle in the Mediterranean Experiment (HyMeX) [8] initiatives, in particular, were of great
importance for the study and characterisation of the Mediterranean cyclones. A recent
paper, issued by the COST (European Cooperation in Science and Technology) action 19109
(European network for Mediterranean cyclones in weather and climate (MEDCYCLONES)),
reviewed the current knowledge and open questions on Mediterranean cyclones [9].
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Heavy precipitation events can be associated with weak or intense synoptic-scale
forcing. In the first case, precipitation is associated with deep convection developing in
potentially unstable conditions, which occur especially in the summer and fall; in the
second case, rainfall is more linked to frontal and synoptic scale development in association
with Mediterranean cyclones. Flaounas et al. [10] showed that warm conveyor belt cyclones,
characterised by a lower amount of deep convection but by a considerable amount of water
vapour at low and mid-tropospheric levels, contribute more than twice the precipitation of
deep convective events. A large amount of water vapour is required in heavy precipitation
events in the Mediterranean, and sources of water vapour can be the Mediterranean Sea
itself [11], but the tropical and extratropical Atlantic Ocean and tropical Africa have been
identified as potential sources of moisture [12-16], whose transport may be organised
in atmospheric rivers [17]. For example, Davolio et al. [18], showed the importance of
the atmospheric river in determining one of the most severe precipitation events over
Italy in the last century. In this paper, we highlight the importance of the remnants of
tropical cyclone Danielle and the following reorganization of the water vapour given by
the atmospheric systems acting over Europe.

Providing timely information about severe weather to take action is of paramount
importance in this context, and rapid update cycles of analysis/forecast can be a useful tool
to improve the precision of numerical weather prediction (NWP) models forecasts of deep
convective and severe weather events [19-21].

Lightning data assimilation (LDA) has been widely used to improve the intense
precipitation forecast worldwide because of the ability of lightning to precisely locate areas
of deep convection. Different techniques have been used for LDA as follows: (a) The forcing
of water vapour and other hydrometeors, with both nudging [22-28] and 3D-Var [21,29,30],
(b) retrieving the convective precipitation and latent heat profile by lightning and adjusting
the initial three-dimensional thermo-dynamic field of NWP models [31,32], (c) retrieving
the radar reflectivity by lightning and assimilating it in NWP models [33-36], and (d)
forcing convection through the adjustment of thermo-dynamical fields [37]. Attempts to
suppress spurious convection through lightning data assimilation have also been reported
in the literature [38]. All these studies showed different methods to assimilate lightning in
NWP, and most of them improved the forecast of intense and/or abundant rainfall typical
of convective and severe weather events. Moreover, and by far, most of these studies focus
on the short term (0-6 h).

The widespread usage of lightning data assimilation over Italy shows a substantial im-
pact on the precipitation forecast in the very short term (usually 0-3 h) using different NWP
models and data assimilation techniques. Starting from the first work of Federico et al. [39],
several other works followed [21,28,40], all showing a positive impact of LDA on the pre-
cipitation forecast. Among these papers, Torcasio et al. [40] showed the ability of LDA to
improve the precipitation forecast not only over the land but also over the Mediterranean
Sea. LDA was also used together with radar reflectivity data assimilation [21,41], show-
ing the synergistic action of both data sources for the improvement of deep convective
event forecasts.

In this work, the impact of LDA on the precipitation forecast is shown, similarly to pre-
vious studies; however, for the first time, we use the 3D-Var of Federico [42], already used to
assimilate lightning into the Regional Atmospheric Modelling System (RAMS@ISAC) [21],
with the weather research and forecasting (WRF) model.

Recently, Federico et al. [43] showed a successful experiment with lightning forecasting
over the Central Mediterranean without performing LDA. In previous studies over the
United States, Lynn et al. [44—46] showed the capability of LDA to improve the lightning
forecast. In this paper, the impact of LDA on the lightning forecast is studied, for the first
time, in the specific geographical context of Italy.

The paper is organised as follows: in Section 2 we introduce the synoptic scale on
which the storm developed and the precipitation and lightning observations for the four
most intense 3 h phases of the storm over the Marche Region. In Section 3, we describe the
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WRF model configuration and the 3D-Var used for data assimilation. Section 3 also contains
a discussion of the methodology used to verify the model’s performance, while Section 4
shows the results. Discussion and conclusions are given in Sections 5 and 6, respectively.

2. Large Scale Analysis

In this section, we analyse the synoptic conditions that led to the 15 September 2022
disastrous event using a WRF simulation at 5 km horizontal resolution lasting five days
and starting at 12 UTC on 11 September 2022. Initial and boundary conditions are given by
the ECMWE-IFS analysis/forecast cycle issued at 12 UTC on 11 September 2022 and the
model grid has 600 grid points in both WE and NS directions and 50 vertical levels, with
the model top at 50 hPa.

During the 12 and 13 September, the surface pressure pattern was dominated by
tropical storm Danielle acting on the eastern Atlantic (Figure 1a,b). The minimum pressure
is about 995 hPa, and the storm is advecting humid air masses into the Mediterranean Basin
(see the water vapour analysis). The interaction between tropical cyclone Danielle and
the Atlas Mountains generates a low pressure in the western Mediterranean that moves
eastwards in the following days. In Figure 1b, a second low pressure centre is shown
over Scandinavia that will play an important role in the following days. At 12 UTC on 14
September (Figure 1c), an elongated low-pressure area joins the two low-pressure minima.
Alow pressure in the western Mediterranean is apparent and was formed by the interaction
between the atmospheric flow and the Atlas Mountains. At 12 UTC on 15 September, the
low pressure that formed over the western Mediterranean approached Italy, advecting
southern humid winds towards Northern and Central Italy (Figure 1d). Over Scandinavia,
the low-pressure system is pushing air masses southwards.

FCST+ 36 h —> 30ms™ FCST+ 60 h
(@) A o s - (b) s
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40°N 40°N

30N : 30N

Figure 1. Analysis at the surface: sea level pressure (filled contours) and surface winds (10 m,
reference vector in the upper right corner of each panel) at: (a) 12 UTC on 12 September; (b) 12 UTC
on 13 September; (c) 12 UTC on 14 September, and (d) 12 UTC on 15 September. FCST stands
for forecast.

The mid-tropospheric conditions are shown in Figure 2. At 12 UTC on 12 September,
the minimum geopotential height associated with tropical storm Danielle is apparent
in Figure 2a, as is the minimum geopotential height over Scandinavia. A ridge is well
established over the Central Mediterranean, and as the whole system moves eastwards,
the interaction between the Atlas Mountains and the main flow causes the deepening
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of the surface pressure in the western Mediterranean. On 14 September, the elongated
trough from the eastern Atlantic towards Scandinavia caused southwestern advection at
mid-levels over Northern and Central Italy. This pattern slowly moves southwards, and an
intense southwestern flow is above Central Italy just before the start of the most intense
phase of the event over the Marche Region (Figure 2d).
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Figure 2. Analysis at mid-tropospheric levels 500 hPa: geopotential height (filled contours), tempera-
ture (cyan contours) and winds (reference vector in the upper right corner of each panel) at: (a) 12
UTC on 12 September; (b) 12 UTC on 13 September; (c) 12 UTC on 14 September, and (d) 12 UTC on
15 September.

Another important factor that determined the intense weather event in the Marche
Region was the organisation of the water vapour over Italy given by the large-scale circula-
tion. This is shown by the analysis of the 700 hPa specific humidity in Figure 3. During 12
and 13 September (Figure 3a,b), the effect of tropical cyclone Danielle on the distribution
of the water vapour is shown by the larger water vapour content over the western part of
the domain. The moisture is conveyed towards England and Scandinavia. Water vapour is
also advected into the Mediterranean by the circulation associated with Danielle. During
the following two days, the action of the circulation induced by the low pressure over
Scandinavia and by the high pressure west of the British Islands (about 2.5° W and 50° N)
pushes the humid air southwards, increasing the water vapour availability for storms
developing over Italy (Figure 3c,d).

The synoptic-scale organisation of the atmospheric circulation, i.e., the warm and
humid marine air advected towards Central Italy, the vertical shear, and the advection of a
considerable amount of water vapour at mid-tropospheric levels, were key ingredients for
the development of this high-impact event. Local factors, however, were also important and
can be better explained with the aid of the MSG-SEVIRI HRV (Meteosat Second Generation-
Spinning Enhanced Visible and Infra red Imager High-resolution visible channel) cloud
composite (Figure 4), whose aim is to monitor convection at high resolution. A band of
clouds crossed Italy from southwest to northeast. Several thunderstorms developed over
Central and Northern Italy (Figure 4a), triggered by the local orography. Some of the
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thunderstorms evolved into V-shaped thunderstorms (Figure 4b), and among them is the
huge V-shaped self-generating storm over the Marche Region. These thunderstorms get
their name from the pattern seen on a satellite image. The thunderstorm anvil is close to the
tropopause, and the V-shape results from the advection of intense winds at these heights.
To reach the tropopause, updrafts are intense, and the V-shaped thunderstorms have the
potential to bring severe phenomena (precipitation, winds, hail, etc.).
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Figure 3. Analysis at 700 hPa: specific humidity (filled contours) and winds (reference vector in
the upper right corner of each panel) at: (a) 12 UTC on 12 September; (b) 12 UTC on 13 September;
(c) 12 UTC on 14 September, and (d) 12 UTC on 15 September.

Figure 4. MSG-SEVIRI HRV cloud composite at 12 UTC (a) and 16 UTC (b). Copyright Eumet-
sat. Images are from https://view.eumetsat.int/ productviewer?v=msg_fes:rgb_eview (last access 4
July 2023).

In general, V-shaped thunderstorms are not uncommon over Italy, especially in the
summer and fall when deep convection can develop over the country. Not all V-shaped
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thunderstorms result in floods or flash floods, as their duration is short. However, when
V-shaped thunderstorms are stationary for several hours over a specific area, they result in
floods or flash floods [41].

The storm of Figure 4 was triggered by the Apennines, running along the Italian
peninsula, and remained anchored to this orographic feature for several hours because air
masses descending from the cumulus clouds and moving backward towards the west were
constrained to rise again over the Apennines by the orography.

3. Data and Methods
3.1. WRF-Model and 3D-Var

In this study, we used the WRF model [47], version 4.1.3. The model has been run over
1 grid with 850 grid points in both NS and WE directions and a horizontal grid spacing of
2 km. The model grid is shown in Figure 5. Fifty vertical levels were employed, reaching a
height of 50 hPa.

48°N

46°N

44°N

42°N

Apennines

40°N

38°N

36°N

34°N

4°E 6°E 8°E 10°E 12°E 14°E 16°E 18°E 20°E
[ [ ' |

0 500 1000 1500 2000 2500 3000 3500

Terrain Height (m)

Figure 5. Orography of the WRF model at 2 km horizontal resolution. The red line shows the
latitude—height cross-section of Figure 14.

The main physical parameterizations employed are the following: the Thompson [48]
microphysics scheme, the Mellor-Yamada-Janjic (Eta) TKE scheme for the boundary
layer [49] and Dudhia [50], and the rapid radiative transfer model (RRTM, [51]) as short-
wave and longwave radiative schemes, respectively.

Initial and boundary conditions from the European Centre for Medium range Weather
Forecast (ECMWF) Integrated Forecast System (IFS) operational analysis/forecast cycle at
0.25° starting at 12 UTC on 14 September 2022, are employed for WREF initialisation. The
boundary conditions are updated every 3 h.
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Simulations were run for 4 time periods on 15 September 2022, following a very
short-term forecast (VSF) approach, in which cycles of analyses and short-term forecasts are
repeated every few hours in order to follow the evolution of convective phenomena. These
features have small spatial and temporal scales, are difficult to predict, and the quality of
their forecast decreases rapidly with forecasting time [21,41]. To improve their forecast,
the analyses must take into account local conditions, and we use lightning observations to
tackle this issue. However, the deterministic forecast of convection rapidly decreases its
performance, and the restoration of actual convection is needed every few hours. A balance
between computational time and the need to re-initialise convection must be reached,
which, in our case, results in a 3 h forecast after an analysis phase, and the cycle repeats
every 3 h.

The four time periods and the simulations considered for the case are summarised in
Table 1. To use a warm start, we first run the control simulation (BCKG) lasting 36 h, with
the simulation starting at 12 UTC on 14 September, and without lightning data assimilation.
Three types of model configurations are considered for each time period: BCKG, without
lightning data assimilation; ANL (with a 3 h-long lightning data assimilation); and ANL-1H
(with a 2 h-long lightning data assimilation). All simulations assimilating lightning started
from the control simulation using the restart option (warm start). Moreover, a sensitivity
test to the number of analyses is discussed in Section 4.4.

Table 1. Simulation types and ranges considered. All times are in UTC.

. . . . Lightning Data Assimilation Forecast Verification
Simulation Start Time End Time Assimilation (Every 1 h) Time Range Time Range
120on 14 00 on 16 12-150n 15
BCKG September September No ) September
ANL 09 on 15 150n 15 Yes at 09, 10, 09-12 on 15 12-150n 15
September September 11,12 September September
1 ANL-1H 09 on 15 150n 15 Yes at 09, 10, 09-11 on 15 12-150n 15
September September 11 September September
08 on 15 150n15 08-11 on 15 12-150n 15
ANL-1H_4 September September Yes at 08, 09, 10, 11 September September
12 on 14 00 on 16 15-18 on 15
BCKG September September No ) September
ANL 12 on 15 18 on 15 Yes at 12, 13, 12-150n 15 15-18 on 15
September September 14,15 September September
2 ANL-1H 12on 15 18 on 15 Yes at 12, 13 12-14on 15 15-18 on 15
September September 14 September September
ANL-1H 4 11on 15 18 on 15 Yes at 11, 12, 13, 11-14on 15 15-18 on 15
- September September 14 September September
12 on 14 00 on 16 18-21 on 15
BCKG September September No ) September
ANL 150n 15 21 on 15 Yes at 15, 16, 15-18 on 15 18-210on 15
September September 17,18 September September
3 ANL-1H 150n 15 21 on15 Yes at 15, 16 15-17 on 15 18-21 on 15
September September 17 September September
ANL-1H 4 14 on 15 21on15 Yes at 14, 15, 16 14-17 on 15 18-21 on 15
- September September 17 September September
21on 15
BCKG 512 on 14 00 on 16 No - September—00 on 16
eptember September S
eptember
21 on 15
ANL 18 on 15 00 on 16 Yes at 18, 19, 18-21 on 15 September—00 on 16
September September 20,21 September S
eptember
4 21on 15
ANL-1H 18 on 15 00on 16 Yes at 18, 19, 18-20 on 15 September—00 on 16
September September 20 September S
eptember
21 on 15
17 on 15 00 on 16 Yes at 17, 18, 19, 17-20 on 15
ANL-1H_4 September September 20 September September-00 on 16

September
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It is important to clarify the times of forecast availability in this VSF approach. The
configuration used for this work takes 5 min to predict one hour, using 256 cores, and
10 min for the analysis, using 25 cores. Considering that the lightning data are obtained
with a one-minute delay, the whole process takes 26 min for a 3 h forecast. So, the forecast
for ANL is available half an hour inside the time interval to forecast, while the forecast
for ANL-1H is available half an hour before the time interval to forecast (see Table 1). In
Section 4.4, we show the results of a sensitivity test (ANL-1H_4) in which four analyses
are made, as in the ANL configuration, but the starting time is 1 h before ANL so that the
forecast is available half an hour before the forecast period (as ANL-1H).

The idea behind running ANL and ANL-1H is to better investigate event predictability.
In an operational context, ANL forecast would have been available half an hour after the
beginning of the first hour to forecast, while ANL-1H would have been available half an
hour before the beginning of the first hour to forecast. For example, for the run starting
at 12 UTC and ending at 18 UTC, whose forecast refers to the 15-18 UTC phase, the ANL
forecast would have been available at 15:30 UTC, while the ANL-1H would have been
available at 14:30 UTC. In both ANL and ANL-1H, an analysis is performed every hour for
the assimilation phase. In addition, the comparison between BCKG and ANL/ANL-1H
shows the added value of LDA compared to the previous day’s forecast.

Lightning data are assimilated by 3D-Var, using a 3D-Var package developed at
CNR-ISAC. This package was originally developed for the RAMS@ISAC model [42] for
assimilating temperature and wind profiles. It was then extended to assimilate different
observations, and it is applied in this paper for the first time with the WRF model. The
variables that can be assimilated are the following:

- lightning data [21];

- radar reflectivity from ground-based radar [21,41] and from satellites [52];
- Zenith Total Delay [53];

- Satellite-derived rain-rate data [54].

For LDA, flashes are first remapped onto the model grid, and then a saturated pseudo-
profile between the lifting condensation level (LCL) and the —25 °C isotherm is created for
grid columns with observed lightning. Both the LCL and the —25 °C isotherm are estimated
by the WRF background. This pseudo-profile is used in the 3D-Var, which minimises the
cost function J(x) given by:

—_

() = 5 (x ) B~ (v %) + 5 (H(x) ~ y,) R (H(x) ~,)

2

In the above equation, x is the state vector, xy, is the background state vector, B is the
background error matrix, R is the observation error matrix, y, is the observations vector
(saturated pseudo-profiles), and H is the forward observational operator, which transforms
the state vector x in the observational space.

The cost function is minimised using the conjugate gradient method, while the B matrix
is calculated using Gaussian functions in the horizontal and an eigenvalue-eigenvector
decomposition in the vertical [42]. For the horizontal error decorrelation, a length scale of
15 km is used, while in the vertical, we use a length scale decorrelation of 250 m. The 15 km
distance is used because it is a typical length scale for thunderstorms, while 250 m was
taken following the results of Federico et al. [21] who successfully applied a vertical length
scale between 100 m and 500 m for a deep convective case that occurred in Southern Italy.
The observation error decreases with height, starting from the 3 g/kg value at the surface.
The background error at each level is twice the observation error to give more credit to
observations compared to the background.

The choice of horizontal and vertical length scales, while driven by the physics of the
problem, is not optimal, and better results could be achieved with an optimisation of the
3D-Var data assimilation scheme using the NCM method [55].



Atmosphere 2023, 14, 1152

9o0f23

3.2. Lightning Forecast

Lightning is forecast following the dynamic lightning scheme described by Lynn et al. [44].

The first step consists of the calculation of the Lightning Potential Index (LPI).

The LPI is computed between the isotherms of 0 °C and —20 °C and measures the
kinetic energy of updrafts and downdrafts scaled by the potential of charge separation, the
latter being a function of the hydrometeors mixing ratios (cloud, rain, snow, graupel and
ice). LPI reaches its largest value when the graupel fraction is equal to that of water, ice
and snow.

The electric potential is given by the LPI multiplied by the total mass of ice and divided
by the charge of 1 C. The source term for this potential can be found in Lynn et al. [44]
and depends on a parametrised current such that the appropriate amount of energy builds
up over several model time steps. The simulated strokes depend on this parameter. Both
cloud-to-ground (positive and negative) and intracloud strokes are simulated. According
to the tripolar thunderstorm charge model of Williams [56], the different charge types are
represented as follows: Negative lightning is assumed to develop in the lower portion
of the cloud; positive lightning is supposed to start from the upper portion of the cloud;
and finally, intracloud lightning is expected to start anywhere within the cloud. The total
lightning, i.e., the sum of positive, negative, and intracloud lightning, is considered for
comparison with observations.

Federico et al. [43] showed an extensive application of the Lynn et al. [44] lightning
scheme to the central Mediterranean area (162 cases). Among their results, a considerable
sensitivity of the number of lightning strikes predicted by the scheme to the parameterised
current was shown, and, for a resolution of 3 km, the configuration with a parametrised
current of 0.75 x 10~% A was found to be the best setting. The application of LDA in this
paper showed an overestimation of the strokes number predicted by the scheme when the
parametrised current was set to 0.75 x 10~% A, likely for the different horizontal resolution
used here (2 km) and in Federico et al. ([21], i.e., 3 km). Moreover, using LDA, it turned
out that 0.75 x 10~* A predicted too many strokes, and a different setting must be used for
LDA compared to the control simulation without LDA.

Finding the best setting of the parametrised current when LDA is applied is out of the
scope of this paper because it considers only one case. However, we performed a gross
optimisation of the scheme for strokes simulated by the lightning scheme in the different
phases of the storm, finding that 0.5 x 10~* A was the best setting for the control simulation
and 0.3 x 10™* A was the best setting when using LDA. Again, it is stressed that this is
not a general setting of the lightning scheme but rather a trial-and-error optimisation for
the case.

3.3. Lightning and Precipitation Data

For lightning data assimilation and forecast verification, we used the lightning detec-
tion network (LINET) data [57]. This network observes both intracloud (IC) and cloud-
to-ground (CG) strokes, making use of the time of arrival (TOA) method [58]. LINET
provides the time of occurrence, the amperage and position for each stroke, and the heights
for IC strokes. For data assimilation, only information regarding the date and time (in
milliseconds) and the position (latitude and longitude) of each stroke is used. Furthermore,
all strokes recorded in a time range of 1 s and in a spatial range of 10 km are considered a
single flash [59]. All lightning recorded in a 30 min time interval, centred at the analysis
time, is used for data assimilation and is assumed to occur at the analysis time.

For rainfall verification, we used precipitation data from the Italian rain gauge network.
This network accounts for about 4000 rain gauges spread across the Italian territory. Data
come from the regional administrations and are collected nationwide at the Department of
Civil Protection [60].
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3.4. Forecast Verification Procedure

For precipitation and lightning forecast verification, two different methods are ap-
plied. Observed precipitation and forecast data are compared using the nearest neighbour
method. For each rain gauge, we considered all model grid points with a distance of
3Ax\/2 ~ 8.5 km from the rain gauge (with Ax model grid spacing, i.e., 2 km). Among these
points, we then selected the grid point with the rainfall value closest to the observed one.

For lightning forecast verification, we upscaled the model output from 2 km to 24 km,
following the procedure discussed in [43]. In particular, we considered 12 grid cells in both
horizontal directions, and we remapped both observed and predicted strokes onto this
grid, verifying the results on a 24 x 24 km? grid. Importantly, the area used to verify the
lightning forecast spans longitudes 6-19° E and latitudes 36.5-47° N.

For both parameters, we then calculated the following scores: Frequency bias (FBIAS),
probability of detection (POD), threat score (TS) and false alarm rate (FAR). To calculate
these scores, 2 x 2 contingency tables for dichotomous events (i.e., events that can assume
only two values, in this case “yes” or “no”) are considered for different precipitation or
number of strokes thresholds. The events to verify are “precipitation above or equal to
a certain threshold” for precipitation and “number of strokes above or equal to a certain
threshold” for strokes. The contingency tables account for four possibilities: hits (a), false
alarms (b), misses (c) and no forecast (d). The above-mentioned scores are then defined as:

FBIAS = 10
a-+c

POD =
a+c
<—_ *
a+b+c

FAR = 7
a-+b

FBIAS spans the interval [0, +0), 1 being the best value. POD, TS and FAR vary in
the interval [0, 1], with 1 being a perfect score for POD and TS and 0 being a perfect score
for FAR.

These scores are finally summarised in the performance diagram [61]. The x and
y axes in this diagram represent the success ratio (SR), defined as 1-FAR, and the POD,
respectively. FBIAS is represented by the straight lines starting from the origin of the axes,
while TS is represented by hyperbole branches.

4. Results
4.1. Precipitation Analysis

In this section, we show the analysis of the impact of LDA on the precipitation forecast
for the four most intense phases of the event. The corresponding observations, from about
4000 rain gauges distributed over Italy, for the four phases are shown in panels (a) of
Figures 6-9.

The analysis of the precipitation accumulated in 3 h reveals four phases of heavy
precipitation over Central Italy from 12 UTC on 15 September to 00 UTC on 16 September.
The precipitation extends from Tuscany to Marche between 12 and 15 UTC (Figure 6a) and
then over the Marche Region for the other phases (Figures 7a, 8a and 9a), approaching the
Adriatic coast as the system moves from West to East. Summing the rainfall over the four
phases, more than 400 mm were recorded in one rain gauge (419 mm in Cantiano), more
than 350 mm in another rain gauge (373 mm, Fonte Avellana), more than 100 mm were
reported in 21 rain gauges, and more than 50 mm in 34 rain gauges. Most of this rainfall
occurred in less than 12 h causing a catastrophic event because the area was flooded by the
small Misa River.
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Figure 6. Rainfall observed by rain gauges (a) and forecasted by BCKG (b), ANL (c) and ANL-1H (d)
between 12 and 15 UTC on 15 September. The numbers in the title of panel (a) show the number of
reporting rain gauges (first number in parentheses) and the number of rain gauges with precipitation
larger than 0.2 mm (second number in parentheses).

(a) P [mm] - Nobs=( 3204; 394) (b) BCKG 2022091515_2022091518
7.5 12,5 2250 tmm]
> 130.0
3 s 1200
N (mm) 2 iz
Gl < i G 110.0
> 130.00
o > 12000 y 100.0
o s
= o > 11000 K o 90.0
2 9| A5
4 8 5 o > 10000 506
E 9 © o > 9000 3 5
S & > 70.0
K e > 8000 B &
E > 70.00 5 S0
2 3 > 60.00 ol 5 50.0
e > 5000 200
o > 4000 3| @
0| » ; 30.0
3l 8 'Y > 30.00 8 M =)
I g e > 2000 . 20.0
e > 1000 3 i 3 10.0
. . > 0w u .
750 10 1250 15 17,50 .
Lon[decimal °]
ANL 2022091515_2022091518 ( ) ANL-1H 2022091515.2022091518
750 10 1250 15 el 250 5 750 10 1250 15 1750 20 2250 [ma]
130.0 7“ 130.0
1200 g = 5 120.0
oo § 5 110.0
100.0 100.0
900 % & 90.0
80.0 80.0
3 S
700 o N 70.0
2| g
60.0 60.0
50.0 <9 g 50.0
40.0 40.0
3 «
30.0 o B 30.0
5 g
20.0 20.0
10.0 £ t:3 10.0
4 1 N . _ r
750 10 1250 15 1750 20 2250 250 5 750 10 1250 15 17.50 20 2250

Figure 7. Rainfall observed by rain gauges (a) and forecasted by BCKG (b), ANL (c) and ANL-1H (d)
between 15 and 18 UTC on 15 September. The numbers in the title of panel (a) show the number of
reporting rain gauges (first number in parentheses) and the number of rain gauges with precipitation
larger than 0.2 mm (second number in parentheses).
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Figure 8. Rainfall observed by rain gauges (a) and forecasted by BCKG (b), ANL (c) and ANL-1H (d)
between 18 and 21 UTC on 15 September. The numbers in the title of panel (a) show the number of
reporting rain gauges (first number in parentheses) and the number of rain gauges with precipitation

larger than 0.2 mm (second number in parentheses).
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Figure 9. Rainfall observed by rain gauges (a) and forecasted by BCKG (b), ANL (c) and ANL-1H (d)
between 21 UTC on 15 September and 00 UTC on 16 September. The numbers in the title of panel
(a) show the number of reporting rain gauges (first number in parentheses) and the number of rain

gauges with precipitation larger than 0.2 mm (second number in parentheses).
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During the first phase (12-15 UTC, Figure 6), the BCKG simulation, available since
the day before the event, shows some thunderstorms occurring on the west side of the
Apennines, over Tuscany. The highest rainfall predicted is of the order of 40-50 mm/3 h,
showing the occurrence of moderate-intense thunderstorms. The ANL forecast, available
at 12:30 UTC, i.e., half an hour inside the period, gives a much better forecast of the rainfall
position, which is correctly predicted in the central and eastern side of the Apennines,
over the Umbria and Marche Regions; also, the shape of the precipitation swath is better
represented and resembles the V-shaped footprint. The precipitation intensity is also
improved, with maxima around 70 mm/3 h. The results for the ANL-1H forecast, available
at 11:30 UTC, show a significant improvement over the BCKG forecast, but the intensity is
lower and the pattern has shifted to the west compared to the ANL forecast. It is finally
noted that both ANL and ANL-1H forecasts overestimate the precipitation in Southern Italy.

The second phase (15-18 UTC, Figure 7) was the most intense. The control forecast
(Figure 7b) shows again the occurrence of intense precipitation (70 mm/3 h) on the west side
and central part of the Apennines, and the pattern is shifted to the west of the real occurrence
(Figure 7a). The ANL forecast gives a significant improvement to the precipitation forecast
both for the rainfall intensity (180 mm/3 h) and position of the event, even if it overestimates
the rainfall in the western part of the precipitation swath and the observed maximum
precipitation (250 mm/3 h) is underestimated. The ANL-1H forecast gives a significant
improvement to the control forecast because the position of the rainfall swath is to the east
of the Apennines; the maximum rainfall forecast is about 80 mm /3 h, which underestimates
the observed maximum.

For the third phase (18-21 UTC, Figure 8), the positive impact of LDA on the precipita-
tion forecast is apparent. The BCKG forecast predicts intense thunderstorms (50 mm/3 h)
in the west and central parts of the Apennines, while observations (Figure 8a) show that
precipitation occurred mainly on the east side of the Apennines, close to the Adriatic
Sea. The ANL forecast is better than the ANL-1H, but the latter still gives a substantial
improvement over the BCKG forecast.

The fourth period, between 21 UTC on 15 September 2022 and 00 UTC on 16 September
2022 (Figure 9), is characterised by two main precipitation centres of about 50 mm/3 h
(Figure 9a), one in the Marche Region, close to the Adriatic Sea, and the second in Central
Italy. The BCKG forecast predicts well the rainfall over Central Italy with intensities of the
order of 3040 mm/3 h, but it misses the rainfall over the Marche Region. The ANL forecast
well predicts the precipitation over the Marche Region but misses the rainfall over Central
Italy. The ANL-1H underestimates substantially the rainfall over the Marche Region, with
precipitation amounts of the order of 10-20 mm/3 h, while missing the precipitation over
Central Italy. In addition, both ANL and ANL-1H forecasts overestimate the precipitation
over Sardinia. This overestimation will be more apparent for the lightning prediction
(Section 4.2).

All in all, the results of this section show that LDA has a significant and positive
impact on the precipitation forecast when a very short-term approach is used. The decrease
in rainfall prediction performance with forecasting time is apparent, especially in the
dissipating phase of the storm, and ANL has a better forecast compared to ANL-1H.
Nevertheless, the improvement given by ANL-1H to the BCKG forecast is significant,
especially in the most intense phase of the storm. These results are in line with previous
studies in Italy conducted with a different NWP [21].

4.2. Lightning Analysis

In this section, we show the impact of LDA on the lightning forecast for the four
phases of the storm.

A considerable amount of lightning was recorded during the event by the LINET
Network. The total number of strokes varies from 62,767 between 12 and 15 UTC on
15 September to 13,598 between 21 UTC on 15 September and 00 UTC on 16 September.
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Flashes were recorded mainly over the Tuscany, Umbria and Marche Regions and over the
Adriatic Sea.

In the phase between 12 and 15 UTC (Figure 10), the lightning pattern forecast of BCKG
reveals clearly that the storm was simulated to the west of its real occurrence. The number
of forecasted strokes (30,299) is about half of the observed number (62,767), showing that
convection was underestimated by BCKG. The ANL forecast clearly improves the strokes
pattern forecast over Central Italy; nevertheless, there is an overestimation of the convective
activity in Southern Italy, as for the precipitation forecast (Figure 10c). The total number
of lightning strikes is underestimated by the ANL forecast (39,752) for this phase of the
event, but the lightning pattern over Central Italy is well represented. The ANL-1H forecast
shows the lowest strokes number (27,747); nevertheless, their pattern is well forecast over
Central Italy, showing that the improvement in the prediction of the lightning pattern can
last after 1-2 h from the latest analysis.
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Figure 10. Strokes observed (a) and forecasted by BCKG (b), ANL (c) and ANL-1H (d) between 12
and 15 UTC on 15 September. The total number of strokes in each time interval is shown in the title
of each panel. The symbol # stands for number.

Considering the most intense phase of the storm (15-18 UTC, Figure 11), we note
again that convection is predicted by the control forecast to the left of its real occurrence,
with some superposition with the real storm. The ANL forecast gives a better positioning
of the strokes, while the ANL-1H performance is between those of BCKG and ANL. All
simulations show a false alarm of electrical activity over the Tyrrhenian Sea, and all forecasts
overestimate the number of strokes. This is especially apparent for the ANL forecast. It is
remarked, however, that the forecast of the strokes’ pattern is improved by LDA.
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Figure 11. Strokes observed (a) and forecasted by BCKG (b), ANL (c) and ANL-1H (d) between 15
and 18 UTC on 15 September. The total number of strokes in each time interval is shown in the title
of each panel.

During the third phase (18-21 UTC, Figure 12), the BCKG gives a good prediction of
the strokes over the Marche Region, but it misses the strokes over the Adriatic Sea. The
latter pattern is well predicted by the ANL and ANL-1H forecasts, which improve the
strokes forecast compared to BCKG. All forecasts overestimate the number of strokes.
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Figure 12. Strokes observed (a) and forecasted by BCKG (b), ANL (c) and ANL-1H (d) between 18
and 21 UTC on 15 September. The total number of strokes in each time interval is shown in the title
of each panel.
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The forecast of the electrical activity in the last phase of the storm (Figure 13) is not
well predicted by any of the forecasts. The BCKG does not represent the electrical activity
over the Marche and Adriatic Seas. The ANL and ANL-1H have a better prediction over
the Marche and Adriatic Seas; nevertheless, they overestimate by far the electrical activity
over Sardinia and the Tyrrhenian Sea.
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Figure 13. Strokes observed (a) and forecasted by BCKG (b), ANL (c) and ANL-1H (d) between 21
UTC on 15 September and 00 UTC on 16 September. The total number of strokes in each time interval
is shown in the title of each panel.

To better understand the impact of LDA on both the precipitation and lightning
forecasts, Figure 14 shows the longitude-height cross-section, along the red line of Figure 5,
of the electric potential for all types of strokes (i.e., the sum of the positive, negative
and intracloud potential) and the hydrometeor distribution at 16 UTC, i.e., for an intense
phase of the storm. In correspondence with the Italian peninsula (10.5-14° E), the control
simulation shows some rain occurring over the western and central parts of the Apennines.
The convection is not very strong, and the total electric potential is less than 60 MJ. The
situation is completely different for the ANL and ANL-1H forecasts. In both cases, the
electric potential is much higher and extends from the Apennines to the Adriatic Sea, in line
with strokes observations, and the hydrometeor concentration is much higher compared to
BCKG. Figure 14 shows that LDA increases the hydrometeor’s abundance, which, in turn,
produces a higher electric potential and strokes” number, as well as more precipitation.
The difference between ANL and ANL-1H is also remarkable, and ANL has the highest
hydrometeor concentrations and the highest lightning potential. At the same time, it is
remarkable that the LDA effects on simulations are well apparent after two hours since the
last assimilation.
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Figure 14. Longitude-height cross-section in correspondence with the red line of Figure 5 for rain
+ cloud (red contours from 0.5 g/kg every 1 g/kg), for graupel (blue contours from 0.5 g/kg every
1 g/kg) and for snow + ice (black contours from 0.5 g/kg every 1 g/kg). Filled contours show the
electric potential (sum of the positive, negative and intracloud electric potential in M]J). (a) is for CTRL
forecast; (b) is for ANL forecast; and (c) is for ANL-1H forecast.

4.3. Performance Diagrams

This section shows the statistical analysis for the precipitation and strokes forecast
to summarise the impact of LDA on the case. As regards the precipitation forecast, the
statistical scores are presented with the performance diagram for the 1 mm/3 h, 30 mm/3 h
and 60 mm /3 h precipitation thresholds (Figure 15a). For the 1 mm/3 h threshold, the scores
are similar for all forecasts, with a small improvement for ANL and ANL-1H compared
to the BCKG. The POD is high (>70%), and the FAR is about 40%. For the 30 mm/3 h
(intense precipitation) threshold, the difference among the simulations is apparent. The
BCKG has low performance, as discussed in the previous two sections. The LDA improves
substantially the forecast: the POD of ANL is about 70% and that of ANL-1H is about 60%,
while the FAR is 30% and 25% for ANL and ANL-1H, respectively.
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Figure 15. Performance diagrams for the precipitation (a) and lightning (b) forecasts. BCKG is shown
with a filled diamond, ANL is shown with a filled circle, and ANL-1H is shown with a filled square.
For precipitation, the 1 mm/3 h (red symbols), 30 mm/3 h (green symbols) and 60 mm /3 h thresholds
(magenta symbols) are shown; for lightning, the 1 stroke for 24 km grid spacing and 3 h time interval
(red symbol), the 10 strokes for 24 km grid spacing and 3 h time interval (green symbol) and the
30 strokes for 24 km grid spacing and 3 h time interval (magenta symbol) are shown.

For the 60 mm /3 h rainfall (very intense events), the performance of all forecasts de-
creases; nevertheless, the difference between the forecasts assimilating lightning compared
to the control forecast is still apparent. The performance difference between ANL and
ANL-1H is greater for this threshold compared to 30 mm/3 h, showing that the decrease in
performance with forecasting times is larger for higher precipitation thresholds.

Figure 15b shows the performance diagram for the strokes forecast. The performance
of the forecast decreases as the strokes’ threshold increases, showing larger errors for deeper
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convection forecasts. The best performance is for ANL, followed by ANL-1H and BCKG.
This result shows that LDA improves not only the precipitation forecast but also the strokes
forecast. As for the precipitation forecast, the LDA increases both the POD and the FAR
compared to BCKG. An important difference arises when comparing the ANL and ANL-1H
forecasts. While for precipitation, ANL has a larger POD and a larger FAR compared to
ANL-1H, the strokes’ forecast shows that ANL has a larger POD and a lower FAR compared
to ANL-1H. This behaviour is mainly determined by the forecast of the last phase of the
storm (Figure 13b—d), when the ANL-1H has false alarms both over the Tyrrhenian Sea,
over Croatia and over Bosnia-Herzegovina. These false alarms are less apparent in the
ANL forecast, which also has a better POD, as shown, for example, by the strokes correctly
predicted southwest of Sardinia. The higher FAR and lower POD of ANL-1H compared to
ANL cause a lower TS for ANL-1H, and for the highest threshold (30 strokes/3 h in 24 X
24 km?), the TS of ANL-1H is even lower than the TS of the BCKG.

4.4. A Sensitivity Test

In this section, we show the results of a sensitivity test (simulations ANL-1H_4) that
uses the same number of analyses as ANL but starts one hour before, so that it is available
at the same time as ANL-1H. Table 1 shows the details of the setting for this simulation. The
analysis is limited to the precipitation forecast, as similar comments apply to the lightning
forecast. The rainfall predicted for the four phases is shown in Figure 16. From this figure,
it is apparent that the forecast of the most intense phase (15-18 UTC) is better predicted
by ANL-1H_4 (maximum around 180 mm/3 h) compared to ANL-1H (maximum around
80 mm/3 h). This is an important result because an alert for a very intense thunderstorm
in the next three hours could be issued half an hour before its occurrence. The position
of the maximum is very well predicted by ANL-1H_4, as it happens for ANL-1H and
ANL. Considering the phase between 18 and 21 UTC, the result of ANL-1H_4 is even
better than ANL because the rainfall predicted is slightly larger and the position is better
represented. The rainfall maximum is between 70 and 80 mm/3 h in ANL-1H_4, similar
to that observed, while it is between 50 and 60 mm/3 h for ANL-1H and ANL. However,
the ANL-1H_4 configuration was unable to improve the forecast of the last phase, and
its prediction remains of the same quality as that of ANL-1H. It is finally noted that no
specific differences arise for the first phase between ANL-1H and ANL-1H_4, as ANL-1H_4
predicts the storm to the west of its real position.

ANL-1H_4 2022091515_2022091518
5 wso 10

Figure 16. Rainfall forecast for the ANL-1H_4: (a) between 12 and 15 UTC on 15 September;
(b) between 15 and 18 UTC on 15 September; (c) between 18 and 21 UTC on 15 September; (d) between
21 UTC on 15 September and 00 UTC on 16 September.
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Overall, the results of this sensitivity test show that the ANL-1H_4 has better perfor-
mances than the ANL-1H forecast for two out of the four phases, and it is available at the
same time. This makes the ANL-1H_4 configuration preferable.

5. Discussion

We consider the analysis of a severe V-shaped thunderstorm that occurred over Central
Italy between 12 UTC on 15 September 2022 and 00 UTC on 16 September 2022. The analysis
was made at large and local scales.

The large-scale analysis highlighted the main factors leading to this event. Tropical
cyclone Danielle advected humid air masses into the Mediterranean, and the interaction
of the circulation induced by the tropical cyclone and the Atlas Mountains generated a
new cyclone in the western Mediterranean. This low-pressure system moved eastwards
and favoured the advection of humid air masses towards Italy at low tropospheric levels.
During 14 and 15 September, a low pressure over Scandinavia and a high pressure over the
British Islands acted synergically to focus humid air masses brought by Danielle towards
the Mediterranean over the Central Mediterranean and Central Italy, setting the stage for a
severe convective event.

Local orographic features, mainly the Apennines, played a fundamental role in trig-
gering and anchoring the thunderstorm to local orographic features. In particular, the
intense, self-inducing V-shaped storm lasted over the Marche Region for 12 h, causing
heavy rainfall and triggering the flooding of the Misa River.

The study at the local scale is carried out with a WRF model used with homemade
3D-Var software for lightning data assimilation. The forecasting approach is the very
short-term forecast at 3 h (VSF-3h), in which a data assimilation phase is followed by a3 h
forecast, and the forecast is updated every 3 h.

Both the ANL and ANL-1H forecasts improve the control forecast, the latter being
made without LDA and available the day before the occurrence of the event. The control
forecast was not able to catch the bulk of the event over the Marche Region, even if it
was able to represent some of the precipitation that occurred over Central Italy, especially
over Tuscany, which is located west of the Marche Region. The LDA improves the strokes
forecast because the pattern of the observed strokes is much better represented in ANL
and ANL-1H simulations compared to the control forecast. This is apparent over the
Adriatic Sea, where considerable lightning activity is observed but not simulated by the
control forecast, while this lightning activity is correctly predicted by the ANL and ANL-1H
forecasts. However, the performance of the lightning scheme and the positive impact of
LDA on the strokes forecast decrease for larger strokes intensities.

The above results show the possibility of refining the previous day’s forecast of intense
convective events through lightning data assimilation to predict more realistically their
intensity and position at the local scale. Of course, the short time of availability of the
forecast before the occurrence of the event limits its usefulness, and efforts must be put
in this direction to improve the prediction of convective events, giving more time to take
actions to mitigate their impacts. The ANL-1H has a worse performance than the ANL,
which is in line with previous studies and confirms that the positive impact of LDA on the
model forecast decreases rapidly with forecasting time. This is apparent in the last phase
of the forecast (between 21 UTC on 15 September and 00 UTC on 16 September), when
the ANL forecast has a good performance while the ANL-1H forecast gives a negligible
improvement to the control forecast.

A sensitivity test was conducted to show the impact of the number of analyses on the
rainfall forecast. We compared the forecasts of two simulations using three (ANL-1H) or
four analyses (ANL-1H_4). The latter starts one hour before, and the forecast of the two
simulations would be available at the same time. Results show that using four analyses
and starting the simulation one hour before has a substantial improvement for the most
intense phase and is preferable.
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Because the impact of LDA on the lightning forecast is analysed here for the first
time over Italy, the effects of LDA in the simulations of the electric potential were shown
for the most intense phase of the storm (16 UTC). LDA increases the potential instability
of air masses by adding moist static energy, while atmospheric dynamics and physics
transform this potential energy, increasing the convection intensity and the hydrometeor
concentration (both solid and liquid), which, in turn, increases the electric potential and
strokes” number.

The sensitivity of the Lynn lightning scheme to the intensity of the current (an a priori
fixed parameter of the scheme) has an impact on the configuration of the lightning scheme
when LDA is used together with the lightning prediction scheme. We used a current of
0.5 x 10~* A for the control forecast and a current of 0.3 x 10~% A for simulations using
LDA. These values were determined after comparing the results of a set of simulations
using different current values with LINET observations for this case. The dependency of
the strokes simulation on the current parameter was anticipated in Federico et al. [43], who
showed the considerable sensitivity of the scheme to the current parameter, which must
be tuned for the specific configuration of the NWP model. Because the representation of
the convection in the model changes with the model’s horizontal resolution and with LDA,
different settings of this parameter are needed.

6. Conclusions

In this paper, we showed the analysis of a recent heavy precipitation event that
occurred in Central Italy on 15 September 2022. This event was caused by both large-scale
and local-scale ingredients that resulted in a disastrous event with losses of lives and
damage to the environment, properties and infrastructure.

The event was analysed at both synoptic and local scales by the WRF model with
ECMWEF-IFS initial and boundary conditions. The V-shaped thunderstorm acted over
Central Italy for about 12 h and precipitation was abundant, with more than 100 mm
reported in 21 rain gauges over the area in the 12 h between 12 UTC on 15 September
and 00 UTC on 16 September. Because of this heavy rain, the Misa River flooded the area,
increasing the impact of the storm.

The role of the lightning data assimilation on the forecast of this event at the short range
was examined for precipitation and, for the first time over Italy, for lightning prediction.
Results show that for three of the four 3 h phases when the storm was very intense over the
Marche Region, LDA helped to improve the control forecast. This improvement is both for
the location and intensity of the precipitation and for strokes density fields. The forecast
was available 30 min before the 3 h phase, leaving some time to take immedjiate action. For
the last phase, only the simulation assimilating lightning until 21 UTC and available half
an hour inside the forecasted phase was able to catch the intensity of the event over the
Adriatic coast. LDA is useful to improve the strokes forecast, especially for the location of
the area impacted by strokes, while the number of forecasted strokes is overestimated in
the second phase of the event.

Finally, it is noted the different behaviour of the performance of the lightning and
precipitation forecasts. For the strokes forecast, the simulation assimilating lightning until
the start of the forecast phase (ANL) has a larger POD and a lower FAR compared to the
simulation assimilating lightning until 1 h before the forecast phase (ANL-1H). For the
precipitation forecast, ANL has a larger POD but also a larger FAR than ANL-1H. The
result for precipitation was already set in many previous studies and is robust, while the
result for the strokes forecast needs further studies to be confirmed. However, if this result
is confirmed, it will show a larger degradation of the strokes forecast compared to the
precipitation forecast as the forecasting time increases.

This result shows that even if precipitation and lightning forecasts are related, their
behaviour is not identical because the two parameters are different. Lightning is a manifes-
tation of deep convection, while rainfall also occurs in stratiform environments, as may
have occurred in some parts of the domain in this case. Moreover, lightning can be easily
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verified over the sea, while this is more complicated, yet possible [40], for precipitation. The
different behaviour of the scores between lightning and precipitation is partially caused by
the fact that the former is also verified over the sea.

A sensitivity test (ANL-1H_4) is presented in which the simulation starts one hour
before ANL-1H and has one more analysis. Results show that the ANL-1H_4 forecast has
a better performance than ANL-1H for two out of the four phases, and for this reason, it
is preferable.

Overall, this study shows that LDA can improve both precipitation and lightning
forecasts in the short range (0-3 h). Future works, however, should consider the possi-
bility of suppressing spurious convection by LDA as well as the possibility of improving
precipitation and lightning prediction for longer time ranges.
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