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Abstract: Heavy and localized summer events are very hard to predict and, at the same time,
potentially dangerous for people and properties. This paper focuses on an event occurred on 15 July
2020 in Palermo, the largest city of Sicily, causing about 120 mm of rainfall in 3 h. The aim is to
investigate the event predictability and a potential way to improve the precipitation forecast. To reach
this aim, lightning (LDA) and radar reflectivity data assimilation (RDA) was applied. LDA was able
to trigger deep convection over Palermo, with high precision, whereas the RDA had a key role in the
prediction of the amount of rainfall. The simultaneous assimilation of both data sources gave the best
results. An alert for a moderate–intense forecast could have been issued one hour and a half before
the storm developed over the city, even if predicting only half of the total rainfall. A satisfactory
prediction of the amount of rainfall could have been issued at 14:30 UTC, when precipitation was
already affecting the city. Although the study is centered on a single event, it highlights the need
for rapidly updated forecast cycles with data assimilation at the local scale, for a better prediction of
similar events.

Keywords: deep convection; lightning data assimilation; radar data assimilation; 3D-Var; precipita-
tion forecast; predictability

1. Introduction

Quantitative precipitation forecast (QPF) is an outstanding mission of the forecaster
community and represents, especially for convective events, a very difficult task, because
of the multitude of temporal/spatial scales involved and the fast evolution and space
variability of rainfall [1–3]. The Mediterranean area is often struck by severe weather
events [4] which are determined by specific combinations of factors related to three main
ingredients: the warm sea, the orography of the basin and the synoptic-scale meteorology.
Deep convective events over the Mediterranean develop mainly in fall and winter [4–12],
but they can also occur in other seasons. The storms are often associated with mid-latitude
cyclonic systems or wave troughs, with or without secondary cyclogenesis, or with deep
moist convection development produced by mesoscale convective systems (MCSs) [13–16];
when an MCS is located over the same area for several hours, large amounts of precipitation
can accumulate in less than a day [10,11,17,18]. In some cases, very intense and localized
precipitation falls for a few hours, with peaks of about 100 mm per hour, causing flash
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floods; these short-lived events especially occur in summer and fall (i.e., [19–21]) often
causing casualties.

Although several dangerous events are highly localized in space and time, the impact
of the main synoptic patterns associated with these rainfall events [22,23] also needs to
be considered, since a large-scale analysis also allows for improving the predictability of
rainfall-related phenomena.

The need for a good QPF, even if only in the short-term, therefore appears to be of
primary importance, in order to anticipate and mitigate the impact of severe weather. There
are several studies focusing on QPF improvement; for example, the hydrological cycle in
the Mediterranean Experiment—First Special Observation Period [24,25], which took place
in the northwestern Mediterranean in fall 2012, was aimed at studying intense precipitation
and at improving its predictive capacity. Along with other factors, the improvement of QPF
involves the enhancement of numerical weather prediction (NWP), the accuracy of which
depends on the knowledge of the initial conditions that, in turn, can be improved [26,27].
The continuous advancement of NWP and computational resources allowed the achieve-
ment of high horizontal resolutions (HRs, <=3–4 km in this paper) in operational NWP
coupled with HR data assimilation systems [28,29]. Among the different data sources to
assimilate in NWPs, lightning and radar have an important impact on the improvement of
the QPF performance.

Lightning data assimilation (LDA) has been widely used in the last two decades
to improve precipitation forecasts, at the short and mid-range (0–24 h) because of some
important properties of lightning observations: (a) lightning is located precisely in space
and time in areas of deep convection (the spatial error of lightning is less than 200 m for
the dataset used in this paper and lightning is detected instantaneously); (b) lightning
data are easy to transfer and do not require broadband connections; (c) lightning data are
available in almost real time because the time interval between lightning detection and
data availability is of the order of a few minutes; (d) lightning can be detected in remote
areas beyond the radar coverage or in complex orographic regions, where the availability
of other sources of data is scarce. In the last two decades, several methods were proposed
to assimilate lightning in cloud-resolving NWP models (horizontal resolution less that
3–5 km) and/or using a parameterization of convective precipitation; early and more recent
studies using models with convective rainfall parameterization were based on relation-
ships between lightning and the rainfall rate estimated by microwave sensors on board
polar-orbiting satellites [30–33]. The rain rate was assimilated in NWP through latent heat
nudging. The study of Papadopulos et al. [34] used lightning to locate convection and the
water vapor profiles simulated by the NWP model were nudged towards vertical profiles
recorded during convective events. Mansell et al. [35] proposed a method to assimilate
lightning by triggering the convective precipitation scheme depending on the observation
of flashes; the same method was also successfully used by Lagouvardos et al. [36] and by
Giannaros et al. [37] for convective storms over Greece. For cloud-resolving models, differ-
ent methods have also been implemented. Wang et al. [38] and Gan et al. [39] assimilated
LDA, adjusting the vertical velocity simulated by NWP based on the relationship between
the frequency of lightning and cloud top height and on the relationship between cloud top
height and maximum updraft [40,41]. Marchand and Fuelberg [42] used LDA to adjust
the thermal field at the lower atmospheric levels to force convection. Fierro et al. [43,44]
proposed a method for LDA based on the adjustment of the water vapor field of NWP;
this method can also be used in a 3D-Var framework through the assimilation of pseudo-
profiles of water vapor [45,46]. The application of LDA through the adjustment of water
vapor profiles has been applied in different countries (among others [47–50]), showing a
positive impact of LDA on the precipitation forecast at a short range. This method was also
applied in the Mediterranean context [51–54], showing a notable potential for successful
precipitation forecasts of convective events in the short term.

Radar data are among the sources most widely used in data assimilation (DA; [26,27,55–60])
because they precisely locate the cloud systems in both space and time. For example, the
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Constant Altitude Plane Position Indicator (CAPPI), used for the assimilation in this study,
has a spatial resolution of 1 km and a temporal resolution of five minutes; this gives the
possibility to assimilate radar data frequently and at high horizontal resolution, which is
an important aspect of radar data assimilation (RDA) for convective events. Focusing on
the complex Italian territory, RDA has shown an important impact on quantitative precipi-
tation forecasts [9,28,52,60–62] for several convective events. A significant advantage of
radar data compared to lightning is that radar observations are also available for light to
moderate precipitation, while lightning data are scarce in these conditions; furthermore, in
the first stages of developing convection, flashes are absent or few, delaying the issuance of
severe weather warnings.

This paper shows the impact of radar and lightning data assimilation in the simulation
of a severe storm that hit Palermo (Sicily, Italy) on 15 July 2020. The Palermo case study (the
geographical position is shown in Figure 1) is representative of a class of deep convective
events that develops over Italy, especially on summer afternoons, forced by intense solar
radiation in a favorable synoptic-scale environment [19,20,22,23]. These events are often
localized in space and characterized by intense precipitation, causing floods and flash
floods that can become very dangerous when occurring in densely populated urban areas,
as in the considered case study. The paper is organized as follows: Section 2 shows the
synoptic-scale conditions in which the Palermo flood occurred; Section 3 presents the
adopted configuration of the Regional Atmospheric Modeling System at the Institute
of Atmospheric Sciences and Climate (RAMS@ISAC) model used in this paper and key
results of RAMS@ISAC 3D-Var data assimilation; Section 4 shows the results focusing on
the convective analysis of the storm (Section 4.1) and on its predictability (Section 4.2).
Conclusions are given in Section 5.
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Figure 1. Position of the radars used for assimilation. Green dots are single polarization radars,
orange dots are dual polarization radars. Names of locations cited in the text are also shown.

2. Synoptic Situation and Observation Analysis

The Palermo storm occurred between 14:00 UTC and 17:00 UTC (i.e., between 16:00
and 19:00 in local time (LT); LT is UTC+2 h for this time of the year) on 15 July 2020.
Palermo is the most populated city in Sicily with 650,000 inhabitants. Consequently, this
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event is particularly relevant as the flash flood hit a densely populated urban area (about
4000 inhabitants per km2).

To represent the large-scale conditions during this deep convective event, a synoptic
analysis is presented through the European Centre for Medium-Range Weather Forecast—
Integrated Forecasting System (ECMWF–IFS) analysis/forecast fields at 0.125◦ horizontal
resolution both at 500 hPa and 850 hPa. The maps are shown (Figure 2) at 12:00 UTC on
14 July and at 12:00 UTC on 15 July; we show the temperature, the geopotential height and
the wind vectors.
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Figure 2. Geopotential height (blue contours), temperature (filled contours), and wind vectors at 500 hPa at 12:00 UTC on
14 July 2020 panel (a), and 12:00 UTC on 15 July 2020 panel (b). A purple dot in panel (a) identifies Palermo’s location.

On the left side of the maps at 500 hPa, at 12:00 UTC on 14 July (Figure 2a), the
synergistic action of the Icelandic low and of the Azores high, that drives currents from
N–NW over the Mediterranean Basin, is evident.

Another high-pressure center is placed over northwestern Africa; this pattern, together
with a cut-off low over Russia, gives the upper-level winds entering the Mediterranean
an eastward direction, causing the air masses to reach the southern Italian regions from
the west. In the following 24 h (Figure 2b), the slow eastward shift of the systems can be
noticed and, at 12:00 UTC on 15 July, an upper-level trough extends over the southern
Tyrrhenian Sea; the upper-level winds remain directed from the west over Sicily. An
important synoptic-scale feature of the wind field at 500 hPa is the diffluence of the wind
over Sicily. This diffluence favors the development of deep convection and updrafts.

Another important feature of this storm is the humidity at mid-tropospheric levels.
Figure 3 shows that the water vapor mixing ratio averaged between a height of 3 and
8 km over the Mediterranean Sea and surrounding regions at 12:00 UTC on 15 July 2020.
The filament of high-water vapor (>4 g/kg) extending from tropical latitudes towards
the Mediterranean is apparent. The anticyclonic and cyclonic centers shown in Figure 2
convey this filament of high-water vapor values towards the southern Mediterranean. The
action of the ridge over northern Africa, advecting the water vapor plume towards Sicily,
is particularly important for the Palermo flood.

The humid and warm air approaching Sicily, as a consequence of large-scale circula-
tion, is also apparent by comparing the radio soundings taken at Trapani (LICT), on the
west coast of Sicily (see Figure 1 for the location), at 00:00 and 12:00 UTC on 15 July 2020
(Figure 4). The dew point temperature and air temperature profiles are much closer at 12:00
UTC compared to 00:00 UTC. At 12:00 UTC, there is an almost saturated layer between 700
and 600 hPa and the atmosphere close to the surface shows an intense vertical temperature
gradient, with values close to the dry adiabatic lapse rate.
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of Atmospheric Science, University of Wyoming).

Stability indices and other parameters (figures not shown) reveal the unstable environ-
ment in which the Palermo case occurred. For example, the convective available potential
energy (CAPE) derived from ECMWF analyses at 12:00 UTC on 15 July shows values larger
than 3000 J/kg over the sea, in the area between Africa, Sardinia and Sicily. The CAPE
evaluated from the radio soundings of Figure 4 is 685 J/kg at 00:00 UTC and 480 J/kg at
12:00 UTC.

Additionally, the sea surface temperature (SST) anomalies for the same day are larger
than 3 K over the Tyrrhenian Sea north of Palermo. High values of SST favor the evaporation
of the seawater, giving a low-level moisture source for storms developing around the area.

Figure 5a,b show the precipitation recorded by rain gauges over Italy between 14:00
UTC and 17:00 UTC, which is the period when the Palermo flood occurred; only rain
gauges recording more than 0.2 mm/3 h are shown. Figure 5c shows the GPM-IMERG



Atmosphere 2021, 12, 958 6 of 21

observation, which will be discussed in Section 4.2, when considering the precipitation over
the sea. Thunderstorms were active in several parts of the Italian peninsula (Figure 5a),
with rainfall up to 30–40 mm/3 h; these events are typical of hot summer days, when large-
scale conditions favor convection development and the land, warmed by the intense solar
radiation, acts as a trigger. Rainfall observations over Sicily (Figure 5b) show thunderstorms
(precipitation > 20 mm/3 h) occurring in several parts of the island. However, Palermo
shows the largest amounts of precipitation (>100 mm/3 h) with very localized rainfall.
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To further analyze the rainfall affecting Palermo, Table 1 shows the precipitation
recorded by three rain gauges in the Palermo urban area. The average amount of precipita-
tion observed between 14:00 UTC and 17:00 UTC was 118 mm. The most intense phase of
the precipitation was between 15:00 UTC and 16:00 UTC, when an average of 73.5 mm was
observed. Several parts of the city were flooded and damage to properties was reported.
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Table 1. Rainfall recorded in the period 14:00–17:00 UTC on 15 July 2020 for three rain gauges in Palermo.

Rain Gauge Longitude (◦) Latitude (◦) Height
(m) Observed Precipitation (mm)

Total Observed
Precipitation

(mm) 14:00–17:00 UTC

14:00–15:00
UTC

15:00–16:00
UTC

16:00–17:00
UTC

Palermo SIAS 13.3276 38.1298 0 37.80 84.99 11.19 133.98
Palermo UIR 13.3350 38.1167 55 47.20 66.80 1.60 115.6

Palermo Zootecnico 13.3006 38.1164 120 33.60 68.70 1.20 103.5
Average

Precipitation / / / 39.5 73.5 4.6 117.8

From a meteorological point of view, this case study is interesting, as it was a deep
convective event, very localized in space and time, and occurred on a summer afternoon.
Data assimilation at the local scale can be very useful to improve the forecast at a short
range of such kind of events, which are otherwise difficult to predict.

3. Data and Method
3.1. RAMS@ISAC Configuration and Assimilation Experiments

In this work, we use the RAMS@ISAC model. This model, maintained and developed
at CNR-ISAC, contains several additions to the original RAMS 6.0 model [63]. First of all,
in RAMS@ISAC, the WSM6 microphysics scheme [64] has been included [65]. Furthermore,
the model is able to forecast lightning, since the method proposed by Dahl et al. [66] has
been implemented [67]. An important upgrade introduced in the model is the implementa-
tion of a 3D-Var data assimilation system [68]. The RAMS@ISAC 3D-Var can assimilate
radar observations [52], GPS-ZTD [69], radio soundings, wind profiler data [68] and light-
ning data (the method is described in this article for the first time). Lightning data can also
be assimilated into the RAMS@ISAC model through nudging, using the Fierro et al. [43,44]
method, whose implementation in RAMS@ISAC is described by Federico et al. [51].

The model configuration of this paper provides simulations on a grid with 3 km
horizontal resolution (Figure 6). Grid details are shown in Table 2. The horizontal grid has
635 × 635 grid points, while the vertical grid has 50 levels, extending from the ground to a
model top of about 25,600 m. The vertical coordinates are terrain following [63].
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Table 2. RAMS@ISAC grid parameters. NNXP and NNYP are model grid points in both WE and
SN directions, while NNZP indicates the number of vertical levels. DX and DY are the grid spatial
dimensions in the WE and SN directions, respectively. Lx, Ly and Lz represent the domain extension
in WE and SN directions and in the vertical direction, respectively. CENTLON and CENTLAT
indicate the coordinates of the grid center.

NNXP 635
NNYP 635
NNZP 50

Lx 1905 km
Ly 1905 km
Lz 25,648 m
DX 3 km
DY 3 km

CENTLAT (◦) 43.0 N
CENTLON (◦) 12.5 E

The main physical parameterization schemes employed in this study include: the
WSM6 microphysical scheme [64]; the LEAF3 [70] model for land surface processes; the
turbulence scheme following the Smagorinsky [71] horizontal diffusion and the Mellor and
Yamada [72] vertical diffusion parameterizations; the radiation scheme for short-wave and
long-wave radiation parameterizations following Chen and Cotton [73].

The model was initialized using initial and lateral boundary conditions coming from
the IFS global model of the ECMWF. In particular, we employed the 0.125◦ operational
analysis/forecast cycle, issued at 12:00 UTC on 14 July 2020.

In this study, we use two sources of data for assimilation at the local scale: lightning
data and radar reflectivity data. For the case study considered in this paper, seven assim-
ilation experiments were conducted, using one or both sources of data described above.
A summary of these experiments is reported in Table 3. All simulations covered an 11 h
period, i.e., from 06:00 UTC to 17:00 UTC.

Analyses are computed every 30 min, which is more frequent than 3D-Var analyses
with the RAMS@ISAC model in previous studies [52] because high-frequency cycling
gives a larger amount of information from these observations with more frequent smaller
adjustments at finer scales [46]. For each analysis, we collect lightning in the 30 min before
the analysis time. Radar observations are taken within five minutes from the analysis time
and are considered instantaneous.

Table 3. RAMS@ISAC simulations. All simulations refer to the 15 July 2020. The INIT column
shows the simulation start time, ASSIM_END shows the end of the assimilation phase, END is
the simulation ending time. The LDA column shows if lighting is assimilated, and the parameter
adjusted. The RDA column shows if radar data are assimilated, and the parameter adjusted.

Acronym INIT (UTC) ASSIM_END
(UTC) END (UTC) LDA RDA

CTRL 06:00 / 17:00 No No

RAD 06:00 14:00 17:00 No Yes
(qv adjusment)

LIGHT 06:00 14:00 17:00 Yes
(qv adjusment) No

RL 06:00 14:00 17:00 Yes
(qv adjusment)

Yes
(qv adjusment)

RL7.5h 06:00 13:30 17:00 Yes
(qv adjusment)

Yes
(qv adjusment)

RL7.0h 06:00 13:00 17:00 Yes
(qv adjusment)

Yes
(qv adjusment)

RL6.5h 06:00 12:30 17:00 Yes
(qv adjusment)

Yes
(qv adjusment)
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The seven experiments are as follows. The first simulation is CTRL with no lightning
or radar reflectivity data assimilation. RAD simulation assimilates the radar data every
30 min until 14:00 UTC, then a 3 h free forecast is done. LIGHT simulation assimilates
lightning through 3D-Var every 30 min until 14:00 UTC, then a 3 h forecast follows. RL
forecast assimilates both lightning and radar reflectivity every 30 min until 14:00 UTC,
then the 3 h forecast follows. The following three experiments, RL7.5 h, RL7.0h and RL6.5,
are carried out by assimilating radar reflectivity and lightning data together, as in RL,
and differ in the duration of the assimilation period. In RL7.5h, RL7.0h and RL6.5, the
assimilation phase lasts 7 h and 30 min, 7 h and 6 h and 30 min, respectively. The last three
experiments are designed to investigate the predictability of the event.

3.2. Lightning and Radar Data

For lightning, we make use of the Lightning Detection Network (LINET) [74]. This
network observes both intra-cloud (IC) and cloud-to-ground (CG) strokes. IC and CG
strokes are distinguished through the time of arrival (TOA) method [75], which permits the
calculation of the height of IC strokes too. The LINET system provides the following data
for each stroke: date and time of occurrence, latitude, longitude, lightning type (IC or CG),
lightning amperage and stroke height for IC strokes. All discharges recorded within a 1 s
period and within a 10 km radius are considered as a single flash for data assimilation [67].
Only the position and time of flashes are used in LDA.

As regards radar, we employ data from the Italian Radar Network, coordinated by
the Italian Department of Civil Protection (DPC). This network includes 23 radars over the
Italian territory, 20 of which operate at the C band, while 3 operate at the X band. Only the
20 C-band radars are used for RDA (see Figure 1). We assimilate the CAPPI of the radar
reflectivity factor, operationally provided by the DPC. The considered CAPPIs refer to
7 altitude levels, namely from 2000 to 8000 m, by 1000 m increments. Data quality control
is performed by the DPC through a process including nine steps and is described in detail
by Vulpiani et al. [76], Petracca et al. [77] and references therein.

3.3. Radar and Lightning 3D-Var Data Assimilation

Lightning and radar reflectivity data are assimilated in RAMS@ISAC through pseudo-
profiles of the water vapor mixing ratio and the first step is to generate these profiles. For
lightning data assimilation (LDA), the process is straightforward: the pseudo-profile is a
saturated profile between the lifting condensation level (LCL) and the −25 ◦C isotherm.
The LCL is computed by the model background temperature and humidity and pseudo-
profiles are computed at model grid-points by remapping lightning data to the model grid.
The method of assimilating lightning by pseudo-profiles of humidity in a 3D-Var data
assimilation system has been applied in the literature [46,48], however, it is presented in
this paper for the first time with RAMS@ISAC.

For radar reflectivity data assimilation (RDA), we use the method proposed by
Caumont et al. [78], which considers pseudo-profiles of relative humidity. In this paper,
we give some details about the method, but the reader is referred to Federico et al. [52] for a
detailed description of its implementation in RAMS@ISAC. In the same paper, the formula-
tion of a forward observation operator for radar reflectivity data assimilation is given in the
supplemental material. This method is a two-step process: first, using a Bayesian approach
inspired by the Goddard profiling algorithm (GPROF; [79,80]), pseudo-profiles of relative
humidity are generated; second, the pseudo-profiles of relative humidity are assimilated in
RAMS@ISAC by 3D-Var. RDA uses the CAPPI of radar reflectivity as observations. CAPPIs
are available at 2, 3, 4, 5, 6, 7 and 8 km a.s.l. This represents a substantial upgrade of the
RDA by Federico et al. [52], where CAPPIs were available at 2, 3, and 5 km. CAPPIs have
a 1 km horizontal resolution, but they are resampled at a 5 km horizontal resolution to
partially account for the correlation of the observation error. Pseudo-profiles of relative
humidity, used in RDA, are converted into profiles of the water vapor mixing ratio, which
is the variable used in RAMS@ISAC 3D-Var.
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The double of the cost function is given by:

2J(x) = (x − xb)TB−1(x − xb) + (yo − H(x))TR−1(yo − H(x)) (1)

where x is the basic state vector giving the analysis (xa) after the minimization of the
cost function, B is the background error matrix, R is the observation error matrix, yo are
the pseudo-profiles of the water vapor mixing ratio and H is the forward observation
operator, which simply extracts the water vapor mixing ratio profiles corresponding to the
pseudo-observations.

For the sake of clarity, we recall how the observation yo and forward observational
operator for lightning and radar reflectivity data assimilation are computed. Lightning is
remapped onto the RAMS@ISAC grid and this process gives a two-dimensional matrix,
defined on the RAMS@ISAC grid, whose values are 1 or 0 depending on if lightning has
been observed or not in a grid cell centered at the grid point in the last 30 min. For each
grid point with lightning data occurrences, the vertical profile yo is computed by:

yo :


NO DATA z < zLCL

qs zLCL ≤ z ≤ z−25◦C

NO DATA z > z−25◦C

(2)

where qs is the saturation mixing ratio, zLCL is the height of the lifting condensation level
computed from the background and z−25◦C is the height of the −25 ◦C isotherm from
the background.

As the water vapor mixing ratio is a dependent model variable, the forward observa-
tion operator for lightning (H) is simple: it is an operator that extracts the model profile of
the water vapor mixing ratio corresponding to the specific grid point where lightning has
been observed.

For radar reflectivity data assimilation, the radar is resampled on a 5 km horizontal
grid resolution. The vertical grid is given by the levels from 2 km to 8 km every 1 km.
We will refer to this grid as the radar grid. The model fields necessary for radar data
assimilation are interpolated onto this grid. The method of Caumont et al. [78] is used to
compute pseudo-profiles of relative humidity for each grid column where reflectivity is
observed or simulated by the model. Here, the forward observation operator converting
the background into reflectivity is needed. The details of this operator are given in the
supplemental material of Federico et al. [52] (Section S8). Once pseudo-profiles of relative
humidity are computed, they are converted into the water vapor mixing ratio using the
background pressure and temperature, and a pseudo-profile of the water vapor mixing
ratio is obtained. Then, similarly to lightning data assimilation, the forward observation
operator for radar reflectivity data assimilation (H) is simple: it is an operator that extracts
the background profile of the water vapor mixing ratio corresponding to the grid point (of
the radar grid) where radar reflectivity is observed or simulated. In the 3D-Var formulation,
the background error matrix B is decomposed in the three spatial directions Bx, By, Bz. The
Bx, By matrices spread the analysis adjustment in the horizontal plane, applying a Gaussian
decorrelation function, whose length scale depends on the level, and are computed with
the NMC method [81,82]. To have a background error matrix representative of the period,
the NMC is applied to 15 days, from 1 to 15 July 2020, considering RAMS@ISAC 12 h and
24 h forecasts verifying at the same time (12:00 UTC) on each day. This horizontal length
scale is less than 10 km below a height of 2 km but increases at higher levels. However, to
maintain the innovation at the local scale, the horizontal length scale is reduced to 20 km if
the NMC method gives higher values.

The background matrix in the vertical direction, Bz, accounts for the error of the water
vapor field, as well as for the error decorrelation length scale in the vertical direction, which
is modeled by a Gaussian function. The error of the water vapor mixing ratio decreases
with height starting from a value of 3 g/kg close to the surface. The error at a 3 km height
is around 0.5 g/kg. The vertical decorrelation length scale is less than 100 m close to the
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ground and increases in the upper troposphere, reaching a maximum of 500 m at a height
of 6–8 km.

The observation error matrix is diagonal with elements along the diagonal being half
of the error used in Bz at the same level. This choice gives more credit to the observations
compared to the background and it is motivated by the poor performance of the forecast
over Palermo.

An important difference between LDA and RDA is that while LDA can only increase
the water vapor in the RAMS@ISAC, RDA can both increase and decrease the water vapor
content in the model. However, the subtraction of spurious convection for this case study
is negligible, as shown by the example discussed in the next section.

The radar over Sicily was in maintenance for the day when the Palermo flood occurred
and no radar data over Sicily were available. Nevertheless, an important role for the
improvement of the rainfall forecast over Sicily was played by the radar located over
central-east Sardinia (Mount Armidda radar).

4. Results
4.1. Impact of Data Assimilation on the Water Vapor Field

In this section, we discuss the innovations given by the data assimilation of lightning
and/or radar reflectivity. Figure 7 shows the adjustment given by RDA, LDA and by
their combination to the relative humidity field at about 3000 m in the terrain following
the coordinate system of RAMS@ISAC at 13:30 UTC, when the convection started to the
southwest of Palermo.

The RDA (Figure 7a) shows adjustments for convection occurring over the Central
Apennines (adjustments around 25%), on the Italian mainland, with some convective spots
over northern and southern Italy. There are few negative values, often close to the positive
adjustments, caused by small spatial errors in the position of the convective activity in the
CTRL forecast.

It is important to note the increase in relative humidity over the southern Tyrrhenian
Sea between Sardinia and Sicily. This adjustment is caused by the assimilation of reflectivity
of the radar over central-east Sardinia (Mnt. Armidda radar) and is an important feature for
the improvement of the precipitation forecast over Palermo, as shown in the next section.

From LDA (Figure 7b), it is apparent that convection started west of Palermo and over
the sea to the northwest of the city. Convective activity occurred over the sea between
Sicily and Tunisia, along the filament of high humidity conveyed over the Mediterranean
by the general circulation of this event (Figure 3). There are positive adjustments in the
Apennines over northern and southern Italy.

The adjustment of the combined effect of LDA and RDA (Figure 7c) shows the syn-
ergistic action of the two types of data for the Palermo case. As mentioned above, radar
reflectivity data are missing over Sicily because of the radar maintenance; nevertheless,
LDA gives the humidity that triggered convection around the city. Additionally, lightning
gives an important humidity adjustment between Sicily and Tunisia, an area not covered
by the Italian radar network. Radar observations over Sardinia add water vapor to the
CTRL simulation between Sicily and Sardinia, which is not apparent in LDA in Figure 7b
because flashes did not occur over this area at 13:30 UTC. An inspection of the lightning
activity at 14:00 UTC (not shown), confirms that flashes occurred in this area.

To better understand the impact of LDA and RDA on the simulation of water vapor
for the Palermo case, Figure 8 shows the difference in the water vapor mixing ratio between
the simulations RAD and CTRL (Figure 8a) and between the simulations LIGHT and CTRL
(Figure 8b). These differences are shown at 14:00 UTC, before the assimilation cycle of
14:00 UTC, at about 3000 m in the terrain following the coordinate system of RAMS@ISAC.
Therefore, the last adjustments given by RDA and LDA at this level are those of Figure 7a,b,
which are propagated by the model for half an hour.
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The RDA mainly shows two positive contributions (water vapor added to the CTRL
forecast): one over the western part of the domain shown in Figure 8a, and the second
over the northeast tip of Sicily, also extending towards Calabria, which is the southernmost
region of the Italian peninsula. Comparing Figures 7a and 8a, the impact of the advection
of water vapor added by RDA to the forecast is also evident. In particular, the water vapor
added by RDA is advected towards Palermo, increasing the humidity around the area.
Therefore, even if the radar over Sicily was not available for this event, the water vapor
adjustment provided by the radar in Sardinia was advected towards Sicily, giving more
favorable conditions for convection development, compared to the CTRL forecast.

The positive contribution of relative humidity given by RDA over the northeastern tip
of Sicily and over Calabria is caused by the assimilation of the reflectivity observations of
the radar in Calabria.
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Considering the impact of LDA, the spotty pattern of the difference between LIGHT
and CTRL forecasts is noticed (Figure 8b), which is typical of summer convection. An
important relative humidity adjustment of LDA is that around Palermo, which is caused
by the beginning of the convective activity around the city at 13:30 UTC (Figure 7b).

4.2. Precipitation and Convective Activity

In this section, we show the results for the simulations assimilating lightning and/or
radar reflectivity from 06:00 to 14:00 UTC on 15 July 2020, while the precipitation forecast is
considered between 14:00 UTC and 17:00 UTC, which is the most intense phase of the storm
over Palermo. As an important aspect of this case study is its predictability (discussed
in the next section), it is worth noticing that the forecast with lightning and/or radar
reflectivity data assimilation would have been available at 14:30 UTC, when rainfall had
already started over Palermo. In fact, an average of 40 mm was observed between 14:00
and 15:00 UTC (Table 1). Nevertheless, the forecast would have been available half an
hour before the most intense rainfall over the city, which occurred between 15:00 UTC and
16:00 UTC.

The CTRL forecast, shown in Figure 9a, shows a precipitation swath over eastern
Sicily, which is overestimated for this 3 h period (Figure 5b), and misses the event over
Palermo. This forecast is like that issued by the Department of Civil Protection on the
day before this case study and gives an alert over the eastern part of Sicily. While the
rainfall over eastern Sicily is overestimated by the CTRL forecast between 14:00 UTC and
17:00 UTC, the hours following those considered in this section were characterized by high
rainfall rates in eastern Sicily (40–50 mm/1 h). Therefore, the CTRL forecast anticipated
the real occurrence of an intense rainfall event over eastern Sicily.

The RAD forecast, shown in Figure 9b, does not improve the rainfall prediction over
Palermo. There are, however, effects of radar data assimilation, such as: (a) the rainfall
over the sea to the northwest of Sicily; (b) a precipitation spot over southern Calabria;
(c) an increase in rainfall swath from 14◦ E; 37.8◦ N towards the eastern coast of Sicily
compared to CTRL. This precipitation swath is shown by the observations (Figure 5b). The
rainfall over Calabria is likely overestimated by RAD even if rain gauges show a moderate
precipitation (20–30 mm/3 h) over this area. It is worth recalling that radar reflectivity
data were not available over Sicily for this case study and the differences between the
background and RAD precipitation are caused by the assimilation of the radars in Sardinia
and Calabria.
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Lightning data assimilation substantially improves the precipitation forecast with a
rainfall of 55 mm/3 h over Palermo (Figure 9c). This forecast suggests a possible moderate–
intense precipitation over the city in the following couple of hours. The simulated precipita-
tion is about half of the 118 mm/3 h observed, nevertheless the location of the precipitation
spot is precise. This result is in line with many experiments showing the ability of LDA to
correctly represent the position of intense convective events over Italy [51,53,54].

The LIGHT forecast does not improve the rainfall overestimation over eastern Sicily.
The best precipitation forecast is given by RL (Figure 9d). The 90 mm/3 h forecast over

Palermo between 14:00 and 17:00 UTC, while underestimated compared to the observed
precipitation (118 mm/3 h), shows the occurrence of an intense precipitation event over
the city center, with the maximum rainfall location very well predicted. The forecast over
the Madonie Mountains is also well represented and correctly reduced compared to the
LIGHT forecast, which overestimated the rainfall over this mountain range. Additionally,
RL improves the rainfall forecast over Calabria compared to LIGHT and RAD; in this case,
the RL precipitation level is in between those of LIGHT and RAD.

An interesting point about the forecasts presented in this section is the synergistic
action of the RDA and LDA. The rainfall over Palermo predicted by RL (90 mm/3 h) is larger
than the sum of the forecasts given by LIGHT (55 mm/3 h) and RAD (<10 mm/3 h). This
behavior is explained by the results shown in Figure 8, and by the nonlinear interactions
occurring in precipitation processes. The RDA adds humidity to the CTRL simulation, to
the west and northwest of Sicily, but the amount is not enough to force a deep convection
development over Palermo. LDA is able to trigger the deep convection over the city, but
the amount of rainfall predicted is small. However, when convection is triggered by LDA
in the presence of the additional water vapor added by RDA, the amount of rainfall over
Palermo is reasonably predicted.

A qualitative verification of the two precipitation maxima over the sea, to the west of
Sicily (forced by LDA, Figure 9c) and to the northwest of Sicily (forced by RDA, Figure 9b),
was carried out by the precipitation of the GPM-IMERG [83] dataset for the period 14:00–
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17:00 UTC (Figure 5c). The IMERG rainfall shows a maximum over the sea west of Sicily
of the same order of that recorded over the sea beside Palermo (70 mm/3 h), while the
precipitation over the city of Palermo is not well represented by IMERG. In addition, the
maximum over the sea, to the northwest of Sicily, is much lower (10 mm/3 h). Therefore,
based on the GPM-IMERG precipitation dataset, we conclude that the rainfall over the sea
west of Sicily is well represented by LIGHT and RL forecasts, while the precipitation to the
northwest of Sicily is overestimated by RAD and RL forecasts.

To further analyze the differences among the forecasts discussed in this section,
Figure 10 shows the latitude–height cross section corresponding to Palermo’s longitude
(13.38◦ E) at 14:30 UTC, when convection was active over the city.
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Figure 10. Latitude–height cross sections (13.38◦ E longitude, i.e., corresponding to Palermo’s urban area) of total condensate
(filled contours, g/kg), temperature (red contours, K) and vertical velocity (black contours, solid for updrafts and dashed
for downdrafts, m/s) for (a) CTRL; (b) RAD; (c) LIGHT; (d) RL. All panels are at 14:30 UTC.

To represent convection, we consider the total condensate, the vertical velocity and
the temperature. The difference between the forecasts assimilating lightning (LIGHT,
Figure 10c, and RL, Figure 10d) and those not assimilating lightning (CTRL, Figure 10a,
and RAD, Figure 10b) is apparent, with deep convection well developed for the former
and shallow convection for the latter.

For LIGHT (Figure 10c) and RL (Figure 10d), the maximum updraft for the cross
section of Figure 10 is larger than 3 m/s, the total condensate is greater than 5.5 g/kg and
the temperature perturbations are greater than 5 K in the lower part of the cloud, where
evaporative processes of hydrometeors occur.

The RDA is not able to trigger the deep convection of the Palermo case and the cloud
that develops over the city barely reaches 4 km in height.

The fields of the cross section of Figure 10 are similar for RL and LIGHT and cannot
explain their precipitation difference (Figure 9c,d). To consider this point, Figure 11 shows
the same fields of Figure 10 at 16:00 UTC, at the end of the intense precipitation phase over
Palermo. The convection over Palermo is more intense in the RL (Figure 11b) simulation
compared to LIGHT (Figure 11a). This result, along with Figure 10, clarifies the differences
between the forecasts: RDA is not able to trigger the deep convection over Palermo because
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of the missing of radar data over Sicily, nevertheless, the assimilation of radar data over
Sardinia added water vapor to the forecast that was advected towards Sicily, enhancing
and sustaining the convection triggered by lightning.
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4.3. Event Predictability

In this section, we discuss the predictability of this event by analyzing the output of
three numerical experiments (Table 3): the first experiment assimilates the lightning and
radar reflectivity factor from 06:00 UTC on 15 July 2020 to 13:30 UTC (15:30 LST) on the
same day every half hour (experiment RL7.5h); the second experiment assimilates radar
reflectivity and lightning every 30 min until 13:00 UTC (15:00 LST; experiment RL7.0h)
and the third experiment assimilates lightning and radar reflectivity factor every 30 min
until 12:30 UTC (14:30 LST; experiment RL6.5h). At the time requested, in the current
operational set-up of RAMS@ISAC, from the data acquisition to the final forecast, is half an
hour, these forecasts would have been available at 14:00 UTC (RL7.5h), 13:30 UTC (RL7.0h)
and 13:00 UTC (RL6.5h), before the most intense phase of the storm (15:00–16:00 UTC). To
better understand the framework of the simulations presented in this section, we recall
that: (a) few millimeters of precipitation were accumulated over some areas of Palermo
between 13:00 UTC and 14:00 UTC (<10 mm/h); (b) the forecast assimilating lightning
and radar reflectivity is available 30 min from the last analysis time; (c) the RL forecast of
the previous section would have been available at 14:30 UTC, when moderate to intense
precipitation was already occurring over Palermo.

The precipitation forecast for RL7.5h (Figure 12a) shows more than 60 mm/3 h for
Palermo, with a decrease of about 25 mm/3 h compared to the RL forecast (Figure 9d).
While 60 mm/3 h is about half of the rainfall recorded in Palermo, this simulation gives a
warning for a moderate/intense thunderstorm occurring over the city between 14:00 and
17:00 UTC. The precipitation spell over the sea, west of Sicily, is also reduced; nevertheless,
the occurrence of an intense thunderstorm is well predicted in the area. The precipitation
spell over eastern Sicily is overestimated by RL7.5h, while the rainfall over Madonie is
quite well predicted.

The forecast RL7.0h (Figure 12b) still predicts rainfall between 60 and 70 mm/3 h over
Palermo and gives a warning for a moderate/intense thunderstorm over the city between
14:00 and 17:00 UTC. It is noticed that this maximum tends to shift to the east, compared to
RL7.5h and RL, although the spatial error (less than 10 km from the city center) is small.
The precipitation over eastern Sicily is overestimated and lightning and radar reflectivity
data assimilation is not able to correct this false alarm.
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The forecast RL6.5h (Figure 12c; the assimilation phase ends at 12:30 UTC, and the
forecast is available at 13:00 UTC, i.e., before the precipitation started over Palermo)
predicts precipitation between 50 and 60 mm/3 h close to Palermo, giving the hint of a
moderate/intense thunderstorm over the city between 14:00 and 17:00 UTC. The rainfall
over Madonie is overestimated, as well as that over eastern Sicily, showing a limited
performance of the precipitation forecast compared to the other simulations considered in
this section.

Finally, the forecast ending its assimilation phase at 12:00 UTC (not shown) predicts
less than 30 mm/3 h between 14:00 UTC and 17:00 UTC over Palermo, considerably
underestimating the event.

In summary, the results of this section show that the assimilation of radar and lightning
could give the forecast of a moderate/intense thunderstorm over Palermo about 2 h before
the occurrence of the most intense precipitation phase over the city. Nevertheless, the
precision of the forecast, both for the amount of precipitation and for the position, decreases
as the forecasting time increases from the end of the assimilation phase.

5. Conclusions

The Palermo case occurred on 15 July 2020 between 14:00 UTC and 17:00 UTC. The
accumulated rainfall was about 120 mm/3 h in an urban environment characterized by
poor water drainage. Damage to goods was reported in several places. The day before, the
forecast correctly issued an alert for eastern Sicily but missed the event in Palermo. The case
study can be classified as a deep convective summer event occurring in favorable synoptic-
scale conditions. To improve the forecast of this event, we analyzed the impact of lightning
and radar reflectivity data assimilation on the precipitation forecast at a short range.

The lightning data assimilation predicted 55 mm/3 h over Palermo, which is about
half of the observed precipitation, and has a significant impact for this case study for the
following three reasons: (a) it corrected the background forecast, whose rainfall prediction
over Palermo was negligible; (b) the position of the precipitation spot over Palermo was
precisely forecasted when lightning was assimilated; (c) the 55 mm/3 h showed a moderate–
intense precipitation with possible impacts in an urban environment.

Although the radar observations over Sicily were not available for this case study,
and the radar data assimilation (RDA) alone did not influence the rainfall forecast over
Palermo, the RDA had an important impact on the precipitation forecast over the city when
used with lightning data assimilation (LDA). In fact, the assimilation of the reflectivity of
the Mnt. Armidda radar increased the amount of water vapor between Sicily and Sardinia.
This addition of water vapor reinforced and sustained the convection triggered by LDA,
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increasing the rainfall forecast over Palermo from 55 mm/3 h, when only LDA was applied,
to 90 mm/3 h, when both LDA and RDA were applied.

The Palermo case is a deep convective event localized in both space and time and the
predictability of this type of event is difficult. In this study, we investigated the predictabil-
ity of the event with a series of simulations, assimilating both radar and lightning data,
every 30 min, until 13:30 UTC, 13:00 UTC and 12:30 UTC. The forecasts of these experiments
would have been available, with the current operational set-up of RAMS@ISAC, at 14:00
UTC, 13:30 UTC and 13:00 UTC, respectively, before the occurrence of the event over the
city or, for the forecast issued at 14:00 UTC, after the event had already started over the
city with light rainfall. All these forecasts predict a moderate–intense precipitation over
the city (55–65 mm/3 h). An alert for a moderate–intense precipitation could have been
issued before the occurrence of the event or during its early stages, leaving time for possible
actions to reduce damage.

While the forecasts presented in this paper could have been useful for the management
of the event, the results demonstrate the need to further refine the possible operational
forecasting tools, for example, through rapidly updating forecast cycles (30 min–1 h) with
data assimilation at the local scale, to better manage deep convective summer events
over Italy.
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