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ARTICLE INFO ABSTRACT

Keywords: We show, for the first time over Italy and over part of the central Mediterranean Basin, the impact of lightning
Lﬁghmfﬂg fUrecaSt_ o data assimilation (LDA) on the strokes forecast for a long period. We use the Weather Research and Forecasting
Lightning data assimilation (WRF) model coupled with the Dynamic Lightning Scheme (DLS) at convection allowing horizontal resolution (3
Z\i)il:/ection km). We carried out a two-seasons experiment (summer 2020 and fall 2021) providing the forecast of lightning

and precipitation for the next 6 h (nowcasting), considering two sub-periods (0-3 h and 3-6 h) for verification.
The LDA is done through a nudging scheme that increases the water vapor mass in the mixed-phase region based
on observed flash density rates and simulated graupel mixing ratio. No changes are made to the model run if
spurious convection is predicted or no flashes are observed. LDA can trigger convection missed by the control
forecast, without LDA, and/or can redistribute the strokes predicted to be more consistent with observations.
LDA has a positive impact on strokes forecast, improving correct forecasts and reducing false alarms. This
improvement is however confined to the first three-hours of forecast with negligible to negative impact for longer
time ranges, in line with other studies. The improvement pattern is different in summer and fall, depending on
the convection development.

The analysis of the Fraction Skill Score shows the usefulness of the forecast for practical purposes, considering
the current areas used by the Civil Protection Department to issue meteorological alerts for intense convective
events over Italy. Finally, it is shown that the forecast at the short-range (0—3h) using LDA can improve the
strokes forecast issued on the previous day, not using LDA, and the methodology of this paper can be applied to
issue warnings and alerts as the storm is approaching.

A brief examination of rainfall forecast shows positive impact of LDA at the short-range (0-3 h), with neutral
impact for longer time ranges. The different impact of LDA on the strokes and precipitation forecasts is also

Forecast performance

highlighted.

1. Introduction activities such as aviation, recreation, electrical industries, outdoor ac-
tivities, and others are influenced by it. There are many areas that are
Lightning is a serious threat to life and properties (American Mete- impacted by lightning around the world, both in the northern and
orological Society, 1924a, 1924b; Lopez and Heitkamp, 1995; Holle southern hemisphere (Holle et al., 2018). The Mediterranean is among
et al., 1996; Lopez and Holle, 1996; Rorig and Ferguson, 2002; Hodanish these areas and, as it is a populated area with frequent thunderstorms
et al., 2004; Holle et al., 2005; Ashley and Gilson, 2009; Schultz et al., and lightning, the lightning forecast is of practical importance for public

2009; Wallmann et al., 2010; Koshak et al., 2015) and several humans safety and economic activities.
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Fig. 1. a) the WRF domain with orography (colour scale [m]) and the verification area of strokes forecast (red square); b) the VSF configuration. L is the forecast
using LDA, C is the forecast without LDA, F22 is the forecast issued on the previous day discussed in Federico et al. (2022).

There are two different approaches to forecast lightning. The first
type contains methods that explicitly simulate the electric field in the
clouds and its breakdown such as in Solomon and Baker (1996), Solo-
mon et al. (2005), Mansell et al. (2002, 2005), Barthe et al. (2005,
2010), MacGorman et al. (2001), Popova et al. (2022, 2023). These
methods can be one dimensional or three dimensional and Fierro et al.
(2013) implemented a three-dimensional explicit method in the
Weather Research and Forecasting (WRF) model (Skamarock et al.,
2019). The explicit methods, however, are challenging in an operational
context as they require a considerable amount of computing power.

The second type of methods forecast lightning indirectly via
parametrization using the dynamic, thermodynamic and microphysical

fields computed by a numerical weather prediction model (NWP) to
predict lightning (Price and Rind, 1992; McCaul et al., 2009; Yoshida
et al., 2009; Yair et al., 2010; Dahl et al., 2011; Wong et al., 2013;
Federico et al., 2014; Lagasio et al., 2017; McCaul Jr. et al., 2020;
Mittermaier et al., 2022). These methods need calibration before their
operational use, nevertheless they are computationally efficient and can
be useful for predicting the lightning threat. The methods using the
microphysical fields outperform those based on thermodynamic fields
only (Williams and Renno, 1993; Romps et al., 2018).

Lynn et al. (2012) introduced the Dynamic Lightning Scheme (DLS),
which shares characteristics with the two approaches introduced above.
It does not simulate explicitly the electric field, as in sophisticated
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explicit lightning schemes, nor uses statistical relationship to compute
the flash rate starting from dynamic, thermodynamic, and microphysical
fields simulated by an NWP. Rather, it adds three prognostic equations
to the WRF model to calculate the electrical potential energy for positive
and negative cloud-to-ground and intracloud lightning. The electric
energy can be advected by the model and the strokes are computed from
these potentials. Former studies (Lynn et al., 2012; Lynn et al. (2015),
Lynn (2017); Federico et al., 2022) applied the DLS with success, and the
method is used also in this study.

As lightning is a manifestation of deep convection and can locate it
precisely in space and time, it has been widely used to improve the
forecast of severe and extreme weather events through lightning data
assimilation (LDA). The techniques to assimilate lightning in NWP can
be divided in two main groups, depending on the horizontal resolution
of the NWP, i.e. if (i) it is used at scales that need convection parame-
terisation (>4 km) or (ii) it is used at convection allowing scales (4 km or
finer; Lynn et al., 2020).

Considering the first group, lightning was assimilated based on
relationship between lightning and other parameters that could be
assimilated in NWP (Alexander et al., 1999; Chang et al., 2001; Jones
and MacPherson, 1997; Papadopoulos et al., 2005; Pessi and Businger,
2009). Among them, Papadopoulos et al. (2005) used lightning to locate
convection and then nudged the water vapor profile of the NWP towards
profiles observed during convective events. Mansell et al. (2007) used
lightning to trigger the Kain-Fritsch (Kain and Fritsch, 1990) cumulus
scheme of the WRF also giving the advantage to suppress spurious
convection when the model simulated unobserved lightning. This
method was applied with success over Greece (Giannaros et al., 2016),
where the precipitation forecast was improved up to 24 h for some cases.

Fierro et al. (2012) introduced LDA in a convection allowing NWP
model (WRF) at 3 km horizontal resolution using a methodology that
increases the water vapor mass in the mixed-phase region (0 °C/—20 °C
layer) based on observed lightning flash density rates and simulated
graupel mixing ratio. Other works followed (Fierro et al., 2014; Fierro
et al., 2016) showing the positive impact of the LDA on the forecast of
severe weather events and the comparison between LDA and radar data
assimilation, which suggests a similar role of the two sources for the
improvement of the forecast of intense convective weather events. The
method was also adapted in other papers (Qie et al., 2014; Chen et al.,
2019) to consider other hydrometeors and the dynamical field.

The scheme of Fierro et al. (2012) has been widely used over Italy to
assess the impact of LDA on the precipitation forecast at the very short-
range (3 h in most cases). Starting from the first work of Federico et al.
(2017), who showed the potential of LDA to improve the precipitation
forecast of deep convective events with the Regional Atmospheric
Modeling System at Institute of Atmospheric Sciences and Climate
(RAMS@ISAC) model, the methodology has been refined and used
together with radar reflectivity data assimilation (Federico et al., 2019;
Federico et al., 2021; these papers give also more details about the
RAMS@ISAC model). Other experiments were performed with WRF
(Comellas Prat et al., 2021; Torcasio et al., 2021) showing the significant
and positive impact of LDA in the prediction of intense precipitation
over Italy.

Lynn et al. (2015) and Lynn (2017) applied the LDA to improve the
lightning prediction. Forecasts using and not using LDA produced eco-
nomic savings over forecasts made with climatology, although not for all
cost/loss ratios. In addition, the lightning assimilation scheme led to a
faster and more accurate spin-up of initial convection and to the
improvement of lightning forecast. However, for summertime storms,
the advantage of using LDA was confined to the first three hours of
forecast.

In a recent paper, Federico et al. (2022, hereafter F22) studied the
performance of the DLS for strokes forecast over Italy for the next day
using the WRF model. Their results showed that the lightning forecast
upscaled to 24 km horizontal resolution can be used with success in the
operational context of the Civil Protection Department of Italy (CPD).
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However, they did not use the LDA.

In this paper, we consider the possibility to improve the lightning
forecast through LDA. As we are forecasting and assimilating convective
environments, which are difficult to predict precisely at long time
ranges, our focus is on the very short-term forecast (6 h). Two complete
seasons are considered: Summer 2020 and Fall 2021, which have
different characteristics and challenges for lightning forecasting over the
Mediterranean area. As the summer 2020 superimposes with a period
analysed in F22, a direct comparison of the results of this paper with
those of F22 will be provided.

The paper is organized as follows: after this introductory Section 1,
Section 2 shows the WRF model and the Very Short-term Forecast (VSF;
6 h). The DLS and the lightning data assimilation (LDA) methods are also
presented in this section. Section 3 shows the results for strokes forecast,
discussing the performance of LDA for two case studies, the statistics for
the whole period, the spatial patterns of the forecast improvement, and
the results for the fraction skill score. The results for the precipitation
forecast and the comparison with the results of F22 are also discussed in
this section. Finally, the discussion and conclusions are given in Section
4 and Section 5, respectively.

2. Data and methods
2.1. WRF model and experimental set-up

Simulations are done by the WRF model, version 4.1.3 (Skamarock
etal., 2019). We use a grid with 3 km horizontal grid spacing and 635 x
635 grid points in the NS and WE directions. There are 50 vertical levels,
with the model top at about 50 hPa. The model domain is shown in
Fig. 1a. We used the following physical parameterizations: (Thompson
et al., 2008) for the microphysics scheme, Mellor-Yamada-Janjic (Eta)
for the boundary layer parameterisation (Janjic, 1994), Dudhia for the
short-wave radiative scheme (Dudhia, 1989), and the rapid radiative
transfer model (RRTM) for the longwave radiative scheme (Mlawer
et al., 1997). Convection is assumed to be allowed at the horizontal
resolution of this paper and no specific tests were done to assess the
impact of parametrizing convection for this experiment. However, most
of the papers using WRF at 3 km horizontal resolution do not use the
convection parametrization (see for example Lynn et al., 2020), and our
previous experience with this model over the same area (Torcasio et al.,
2021; Comellas Prat et al. (2021)) suggest that the model has good
performance in forecasting convection at 3 km horizontal resolution.

Initial and boundary conditions are taken from the European Centre
for Medium range Weather Forecast (ECMWF) Integrated Forecasting
System (IFS) operational analysis/forecast cycle at 0.25° horizontal
resolution and issued at 12 UTC on the day before the actual day to
forecast. Boundary conditions are updated every 3 h and the sea surface
temperature is updated following the ECMWF-IFS analysis and forecast
cycle.

We consider two kinds of experiments: a control simulation without
lightning data assimilation, named C, and a lightning data assimilation
experiment, named L. Both predictions follow a Very Short-term Fore-
cast (VSF) approach, shown in Fig. 1b. Simulations are done over a 12 h
period. For each simulation the first 6 h are used as spin-up time and for
data assimilation for the L type. Forecast verification is then performed
for the next 6 h of each run, considering two 3 h sub-periods: the first 3 h
after assimilation (0-3 h) and the second 3 h after assimilation (3-6 h).
Following this approach, 4 runs are needed to cover a whole day.
Lightning is assimilated until 15 min before the starting forecasting
time, i.e. 23:45 UTC for the 00-06 UTC forecast, 05:45 UTC for the
06-12 UTC forecast, 11:45 for the 12-18 UTC forecast, 17:45 for the
18-00 UTC forecast. This leaves 15 min to produce the forecast; using
256 cores of the ECMWF computing facility, we can forecast the first
three hours of each period in < 15 min so that the forecast of the first 3 h
is available just before its occurrence. It is important to note that this
setting of the forecast is used in the agreement between the CPD and
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CNR-ISAC and we are interested to verify this specific configuration.

Results are also compared with the findings of F22, in which the
strokes forecast issued on the previous day was considered. F22 simu-
lations last 36 h, and the first 12 h are used as spin-up time. No data
assimilation is performed in F22. In all cases the model output is saved
every 3 h.

2.2. The lightning forecast

The method to forecast lightning is that of Lynn et al. (2012), and the
reader is referred to this paper for the details about the scheme, while
here we provide a brief description of it.

The scheme adds three equations to WRF computing the electric
potentials of positive and negative cloud to ground strokes and of intra-
cloud strokes. These potentials are calculated based on the Lightning
Potential Index (LPI; Lynn and Yair, 2010; Yair et al., 2010), which
quantifies the kinetic energy of the vertical motions scaled by the po-
tential of charge separation. The latter is maximal when the graupel
mixing ratio is present in equal ratio relative to liquid, ice and snow. The
LPI is computed in the charging zone, between the freezing level and the
isotherms —20 °C. The electric potential is given by the LPI multiplied by
the total ice mass and divided by the charge of 1C.

As the cloud evolves, it builds up the electric energy, which is
advected by the wind field. The source term for the electric energy per
unit time is the power. It depends on the charge separated in the
convective and stratiform clouds in one second. This current is a
parameter of the scheme and is chosen to build up a reasonable amount
of electric energy over a time interval. F22 applied the DLS to 162 cases
over Italy and analysed the sensitivity of the scheme to the choice of the
parameterised current, showing that the current of 0.75*10™* A is the
best setting among those tried. Thus, this current is used in this paper.

The discharge in the DLS is consistent with the tri-polar model of
Williams (1989): negative strokes originate from the cloud base, positive
strokes originate from the upper part of the cloud, while intra-cloud
strokes originate everywhere within the cloud. The discharge occurs
when/where the electric energy is larger than 10° J for negative cloud-
to-ground (CG) and for intracloud (IC) strokes, and when/where electric
energy is larger than 5*10° J for positive strokes.

It is important to note that the 3 km resolution affects the prediction
of small scale phenomena like strokes, which usually occur at the sub-
grid scale. In a previous study (Torcasio et al., 2023), it was shown
that using the 2 km horizontal resolution increases the number of strokes
simulated by the Lynn scheme compared to the 3 km horizontal reso-
lution. However, it was also shown that a proper setting of the para-
meterised current in the scheme can be used to tune the number of
simulated strokes to reach a reasonable agreement with observations.

The strokes forecast is verified by comparison with the LINET
(LIghtning NETwork, Betz et al., 2004; Betz et al., 2009) observations.
The network has > 200 sensors over Europe where it has the highest
detection efficiency (DE). LINET sensors detect the low-frequency (LF)
and very-low frequency (VLF) electromagnetic signals emitted by the
flashes. The network can detect both CG and IC strokes but, in this paper,
the attention is focused on the sum of IC and CG strokes. The position
accuracy of the strokes is better than 100 m (Betz et al., 2009).

The LINET DE cannot be quantified over the investigated domain
because we do not know the truth. Estimating the DE of a network as
LINET is a difficult task and requires ad hoc experiments and/or Very
High Frequency networks, which are not available. Also in these cases,
however, the absolute DE can be difficult to estimate (Erdmann et al.,
2020). The LINET DE is expected to be high over the investigated area
because the LINET sensor measures the magnetic flux of the lightning

1 The official model used by CPD to issue meteorological alerts over Italy is COSMO-ICON. WRF is
applied by CNR-ISAC in collaboration with CPD to test specific aspects, as the assimilation of lightning

data for the forecast of severe weather and convective events.
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signal directly as a function of time rather than the time derivative with
subsequent integration (Betz et al., 2009). The relative DE of LINET
compared to other networks was considered in several papers as Holler
and Betz (2010) for the comparison with TRIMM-LIS, Lagouvardos et al.
(2009) for the comparison with ZEUS network and in Defer et al. (2015)
for some case studies of the HyMeX experiment (Ducrocq et al., 2014). In
all cases the LINET performed very well. In these papers, however, the
comparison referred to areas with partial or no overlap with the target
area of this study. The ability of LINET to detect weak signals (<5 kA)
over the target area is discussed in Petracca (2016).

2.3. The lightning data assimilation

For the LDA, we use the method of Fierro et al. (2012). Specifically,
the water vapor mass mixing ratio simulated by the model is adjusted to
the water vapor mixing ratio given by the following equation:

v = Aq,, + Bqystanh(CX) (1 — tanh (DQ;) ) o))

where the coefficients are set to A = 0.95, B = 0.07, C=D = 0.25, and «
= 2.2, and gy is the water vapor saturation mixing ratio, X is the gridded
observed flash rate (units are number of flashes in the last 15 min), and
Qg is the simulated graupel mixing ratio (kg/kg). The adjustment is done
in the mixed-phase region by direct substitution of the simulated water
vapor, if the simulated graupel mixing ratio is <3 g/kg. Moreover, when
the simulated water vapor mixing ratio is larger than the value of Eq. (1)
its value is left unchanged. Hence, the water vapor adjustment consists
in an increase of the air masses wet energy as a function of the gridded
observed flash rate and of simulated graupel mixing ratio. The adjust-
ment is applied to grid columns where flashes are observed (X > 0) by
LINET, and no adjustment is applied where/when the model predicts
spurious convection. For data assimilation, the observed flashes are
gridded onto the 3 km WRF domain in 15 min time intervals during the
first 5 h and 45 min of each simulation (therefore producing 23 periods
for each 6 h assimilation window).

It is well known that the method of Fierro et al. (2012) can introduce
a wet bias in the precipitation forecast and an attempt to reduce this bias
was given in Lynn et al. (2015). In particular, they progressively nudged
the hydrometeor mass values to zero wherever the model predicted
spurious convection. However, the results on the strokes forecast were
contrasting and further research is needed to apply this method.
Recently, Erdmann et al. (2023) proposed a method to suppress spurious
convection through LDA. In their approach, the simulated and observed
Flash Extent Density (FED) is used to calculate a pseudo-profile of
relative humidity (RH) that can increase (reduce) the modeled relative
humidity if flashes are not simulated (simulated) but observed (not
observed). However, this method is not available in WRF.

It is finally noted that, even if the method of Fierro et al. (2012)
cannot suppress spurious convection, the data assimilation is a complex
process that does not affect a single model variable but the forecast of
the model trajectory in the phase space entirely. This can reduce the
spurious convection forecast by the control simulation, not using LDA, in
some cases. Examples of this behavior are given in Torcasio et al. (2021)
and will be further discussed in this paper.

Strokes are grouped into flashes before data assimilation following
Holler and Betz (2010), grouping into the same flash strokes within 1 s
and within 10 km, but verification is done at the strokes level as the DLS
predicts strokes. The average number of strokes grouped in the same
flash is between 3 and 4 but there is a considerable variability. The flash
location is determined by the average of the longitudes and latitudes of
the strokes composing the flash, and lightning is assimilated as a point
(we neglect its spatial estension). The grouping could introduce a spatial
error in the flash position that, in the worst case, is10/2 km.
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Table 1
Total elements of the contingency tables for precipitation and strokes.
SUMMER 2020 FALL 2021
0-3h 3-6 h 0-3h 3-6h
Precipitation 1,202,103 1,206,290 1,335,709 1,063,613
(62,354; (57,731, (114,821; (91,560;
12,008; 10,503; 23,023;1794) 13,287;1550)
1532) 1371)
Strokes 756,240 756,240 748,020 748,020
(23,179; (23,051; (27,128; (27,495;
14,136; 14,022; 13,292; 8210) 13,405; 8287)
10,728) 10,536)

The number in parentheses in the first row represent the number of observed
events for the thresholds of 1 mm/3 h, 10 mm/3 h and 30 mm/3 h, which are
considered in detail in Section 3.6. The number in parentheses in the second row
represent the number of observed events for the thresholds of 1 stroke/
(24km**3 h), 10 strokes/(24km?*3 h) and 30 strokes/(24km?*3 h), which are
considered in detail in Section 3.2.

2.4. Performance verification

Model performance is verified both for lightning and precipitation
forecasts against measurements. Observed strokes come from LINET
(Section 2.2), while precipitation measurements are from the Italian
raingauge network, which has about 4000 rain gauges over Italy. These
data are managed by the Italian regional administrations and are
collected nationwide at the CPD.

For the computation of scores, observed strokes are first remapped
onto the WRF grid, then the observed and predicted strokes are upscaled
from 3 km to 24 km, summing over 8 grid cells in both horizontal di-
rections. Verification is therefore performed on a 24 x 24 km? cell, as in
F22, to neglect in some measure spatial errors of strokes forecast. It is
important to recall, however, that the area of 24 x 24 km? is smaller
than the areas used by the CPD to issue meteorological alerts over Italy
and this choice is compatible with the actual framework used by CPD. In
addition, strokes observations are available over the area from 6° to 19°
E and from 36.5° to 47° N, which is the verification domain (Fig. 1a).
Lightning is accumulated over a 3 h period and verification is performed
for the first three hours and for the next three hours after the end of the
spin-up or spin-up-+assimilation time (Fig. 1b).

For precipitation verification, we used the following method: we
consider all model grid points in a radius of 2,/(2)Ax from the rain-
gauge, Ax being the model horizontal grid spacing (3 km in our case),
and we select, among these points, the one whose value best matches the
observation. This choice neglects model spatial errors of about 8.5 km,
which mitigates the problem of the double-penalty error for very
localized convective events. The method was widely used in previous
papers over the same area (Federico et al., 2019; Comellas Prat et al.,
2021), making the results of this paper comparable with these studies. It
is important to highlight that, even though gauges provide a physically
direct measure of precipitation and are here considered as the “truth”,
they have also errors. The main source of error is the under-catch, pri-
marily caused by the wind effects around the gauge orifice (Peterson
et al., 1998).

For strokes and precipitation, we compute the following scores:
Frequency Bias (FBIAS), Probability of Detection (POD), Threat Score
(TS), Equitable Threat Score (ETS), and False Alarm Rate (FAR). These
scores are computed using 2 x 2 contingency tables for dichotomous
events (that can assume one of the two values between “yes” and “no”
for different thresholds. For each threshold the following event is
considered: “is the precipitation or the number of strokes above that
threshold?”. The hits (a), false alarms (b), misses (c), and correct neg-
atives (d) of the contingency tables are then computed for these events
and the scores are defined as:
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FBias = P
a c
pop =—*
a—+c
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" a+b+c+d
b
FAR =
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where a, is the expected number of correct forecasts above the threshold
in a random forecast where forecast occurrence/non-occurrence is in-
dependent of observation/non-observation. The FBIAS has its best value
at 1 and varies from O to +oco. The POD and TS consider values in the
interval between 0 and 1, and 1 is their perfect score. Also FAR varies in
the interval between 0 and 1, but the perfect score is 0. ETS varies be-
tween —1/3 and 1, the latter value being the perfect score.

It is important to quantify the total size of the contingency tables (N
=a + b + ¢ + d) for strokes and precipitation to have an idea about the
statistical robustness. This information is given in Table 1. In addition,
we provide the number of observed events (a + c) for the strokes and
rainfall thresholds considered in detail in Sections 3.2 and 3.6,
respectively.

The FBIAS, POD, FAR, and TS scores are shown through a perfor-
mance diagram (Roebber, 2009). In this diagram, the x-axis represents
the Success Ratio (SR), which is defined as 1-FAR, while the y-axis
represents the POD. The straight lines starting from the origin are con-
stant value of FBIAS, and the hyperbole branches represent constant
values of TS.

The statistical significance of the difference in the scores between
control simulation without LDA (C) and forecasts assimilating lightning
(L) is assessed by the resampling test proposed by Hamill (1999).
Another method used to assess if a prediction is skillful is the Fraction
Skill Score (Roberts and Lean, 2008; FSS). It is a neighborhood-based
metric, which considers the square root error of the forecast relative
to a worst reference forecast. The forecast is considered skillful if the FSS
is larger than 0.5 + fp/2, where f is the probability of occurrence of the
event, which is < 2% for the stroke’s occurrence over the area of interest
and for the two seasons analysed in this paper. Lynn (2017), using a cost
loss ratio analysis to evaluate the economic value of the total lightning
forecast, showed that saving over climatology (SOC) can be attained for
FSS values lower than 0.5, however the SOC increases for higher FSS.
From those results, we consider the FSS > 0.5 as skillful for total light-
ning forecast. The computation of the FSS for the lightning forecast is
detailed in F22.

3. Results
3.1. Two case studies

In this section we consider two examples of strokes prediction to
show how the LDA can impact the forecast. In the first case, the control
forecast missed the convection, while in the second case the area of
convection was underestimated by the control forecast and a false alarm
was predicted in northwestern Alps.

The first case study occurred on 25 August 2020 between 00 and 03
UTC (Fig. 2). At this time > 42,000 strokes were observed over the
Balkans (Fig. 2a). The control forecast (Fig. 2b) missed the prediction of
this convection with an unsatisfactory forecast of 4575 strokes. The
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Fig. 3. Strokes between 12 and 15 UTC on 29 August 2020: a) observed by

Fig. 2. Strokes between 00 and 03 UTC on 25 August 2020: a) observations by .
LINET; b) control forecast (C); ¢) forecast with LDA (L).

LINET; b) control forecast C; c) forecast L with LDA.
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Fig. 4. a) winds at (about) 110 m above the surface for the control forecast at 12 UTC on 29 August 2020; b) as in a) for the forecast using lightning data assimilation.

The blue box identifies the area of spurious convection referred into the text.

prediction of the simulation with LDA is much better as strokes are
correctly forecasted over the Balkans. The number of strokes is slightly
underestimated (34,474) compared to the observations and there are
false alarms over the Adriatic Sea, however, the strokes forecast is much
improved by LDA. The results of this specific case show that LDA can
trigger the convection missed by the control forecast.

The second case study refers to an episode of convection which

developed over northern Italy on 29 August 2020 between 12 and 15
UTC. In this case the number of observed strokes was 55,805 (Fig. 3a).
The control forecast predicted convection over northern Italy (64,040
strokes; Fig. 3b) but the convection was more scattered compared to
observations. In addition, the strokes over the northwestern part of the
domain at about (8.75°E, 47°N) were false alarms.

The forecast of the strokes using LDA for this case (Fig. 3c) shows a
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much better agreement with observations: the false alarms in the NW of
Italy are not simulated and the convection is more extended than in the
case of the control run. The number of lightning forecast by the simu-
lations with or without data assimilation are similar (about 64,000),
and, in this case, LDA redistributes the strokes more than adding new
ones. However, there are false alarms simulated between Croatia and
Slovenia, especially in the simulation with LDA.

a)

LE[MJ] + w[m/s] - 202008291200 Lon = 9.2

_\:

Height — ['n]
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As shown above, even if LDA adds moist static energy to the atmo-
sphere, sometimes it can reduce the false alarms, as over Northwestern
Alps for the second case study (29 August 2020). To analyze more in
detail this point, we show in Fig. 4 the horizontal wind speed at the third
WREF vertical level (about 110 m above the surface) over Northern Italy
at 12 UTC for the control simulation and for the simulation with LDA.
The control simulation shows a flow from East to West over Pianura
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Fig. 5. a) latitude-height cross section at longitude 9.2°E for vertical velocity (contours from —10 m/s to 10 m/s every 1 m/s, the zero contour is not plotted) and
electric energy (MJ; shaded contours) for the control forecast at 12 UTC on 29 August 2020; b) as in a) for the forecast with LDA; ¢) as in a) at 15 UTC; d) as in b) at

15 UTC.



S. Federico et al.

c)

LE[MJ] + w[m/s] — 202008291500 Lon = 9.2

U

[m]

Height -

Latitude (°)

d)

Atmospheric Research 304 (2024) 107382

]

350.0

300.0

250.0

1200.0

150.0

100.0

<100.0

LE[MJ] + w[m/s] - 202008291500 Lon = 9.2

i

Height — [m]

W]

500.0
50.0

00.0

50.0

300.0

250.0

D() 1200.0

' 150.0
100.0

<100.0

Lotitude (°)

Fig. 5. (continued).

Padana bringing humid marine air-masses towards the Alps, including
Northwestern Alps, where the convection was simulated by the control
forecast (Fig. 3a; see also the blue box in Fig. 4). Horizontal winds are
different in the simulation with LDA. There is a big thunderstorm
developing in the southern flank of Pianura Padana that reduces, sub-
stantially, the advection of marine air-masses towards the Northwestern
Alps, contrasting the convection development in this area. It is worth
noticing that a similar consideration can be drawn for low and middle
troposphere heights (up to 7000 m) and LDA changes substantially the
evolution of the forecast.

This analysis is further confirmed by the cross sections of Fig. 5,
showing the electric energy (see Lynn et al. (2012) for the computation

of this parameter) and the vertical velocity at 12 and 15 UTC for the
control forecast (panels a,c) and for the forecast with LDA (panels b,d).
At 12 UTC the convection is only marginally developed in the control
forecast, while it is well developed over the southern flank of Pianura
Padana (around 45°N) in the simulation using LDA. Here, vertical ve-
locities of updrafts and downdrafts are larger than 10 m/s and the
electric energy reaches 350 MJ.

In the following hours, the combined effect of surface warming, of
the valley-mountain flow and of the advection of humid air-masses,
causes the development of deep convection over the Alps in the con-
trol simulation (Fig. 5¢). This is apparent at 15 UTC, when vertical ve-
locities up to 10 m/s develop and the electric energy reaches 350 MJ. On



S. Federico et al.

a)
1.0 T LI I I B W B A N | i 7
- “ / 'y /]
L n 2.5 75 y
— | 4 —
08— | / —
J / =
- “ /“.' ; 4 3 -
0.6 — | / / —
L A v 0O €
Q | / o g -
E ‘\ / / .
‘ / / @
0.4 (— -—
L] a  m e o |
- /M |
| | / . -
=
N B I R
0.6 0.8 1.0
1-FAR
| [ oL 1 #/(24x24)km*® 10 #/(24x24)km* 30 #/(24x24)kn
b)
10777 T T 7 7 N T T
| no 5 75 0 |
— “ ¢ S -
08— | / —
L / >
= / ol
0.6 — | /// o
L | Z 06
fa) |
(o] ~ | i
= / e O 4 .
a4 |/ & 7 il =
| / / 04" |
|
0.2 . g2
0 1 I | | | I 111 I | | 1
% 0.4 0.6 0.8 1.0
1-FAR
BC @OL 1 #/(24x24)km® 10 #/(24x24)km’® 30 #/(24x24)km

Fig. 6. Performance diagram for the first three forecast hours of strokes pre-
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represent constant values of FBIAS, while hyperbolic lines represent constant
values of TS. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

the contrary, the forecast with LDA does not predict the development of
convection at 15 UTC (Fig. 5d). In summary, the situation at 12 UTC
shows a well-developed convection over the southern flank of Pianura
Padana forced by LDA and a much less intense convection developing in
the control forecast, while the situation is reversed at 15 UTC (consistent
profiles of relative humidity and temperature are simulated, not shown).
Lightning observations show convective activity in the southern flank of
Pianura Padana at 12 UTC with much less activity at 15 UTC and are in
better agreement with the forecast using LDA compared to the control
forecast. These results suggest that the LDA triggers the convection and

Table 2

Atmospheric Research 304 (2024) 107382

Results of the statistical test for the difference between the score of simulations

with and without LDA for summer 2020.

Threshold (number of strokes/(24 km*24 km*3 h))

1 5 10 15 20 25 30
FBIAS 99;95 99;99 99;99 99,99 99,99 99,99 99;99
ETS 99;/ 99;/ 99;/ 99;/ 99;/ 99;/ 99;/
POD 99;/ 99;/ 99;/ 99;/ 99;/ 99;/ 99;/
FAR 99;90 99;90 99;90 99;90 99;90 99;90 99;90

The numbers indicate the significance level (90, 95 or 99). Plain text values
show a positive impact of LDA on the scores (i.e. the value of the score for
simulations with LDA is closer to the perfect value compared to the control
forecast), values in italic indicate a negative impact of LDA on the scores (i.e. the
value of the score for control simulations is closer to the perfect value compared
to the forecast with LDA). The first number in each cell is for the 0-3 h forecast
phase, the second number is the score for the 3-6 h phase. Results are shown for
thresholds from 1 to 30 strokes per grid cell (24*24 km?) per 3 h.

Table 3
As in Table 2 but for fall 2021.

Threshold (number of strokes/(24 km*24 km*3 h))

1 5 10 15 20 25 30
FBIAS 99; 99 99; 99 99; 99 99; 99 99; 99 99; 99 99; 99
ETS 99; / 99; / 99; / 99; / 99; / 99; / 99; /
POD 99; 99 99; 99 99; 99 99; 99 99; 99 99; 99 99; 99
FAR 99; 99 99; 99 99; 99 99; 99 99; 99 99; 99 99; 99

For fall we found either 99% or no significance.

can change substantially the evolution of the forecast. On some occa-
sions, this can suppress spurious convection predicted by the control
forecast.

These results show an improvement of the strokes forecast using
LDA. This improvement can be new convection forced by LDA that is
missed by the control forecast, or a better representation of the con-
vection partially simulated by the control forecast.

While for most cases we found an improvement of the strokes fore-
cast by LDA, there are occasions when LDA does not improve or has a
negative impact on the strokes forecast. Two main types of events were
found looking at the model output: a) cases when there are very few or
no flash assimilated (< 100 flashes; in cases of no flashes assimilated the
control forecast and the forecast with LDA give the same results); b)
cases where there is (mostly weak) scattered convection over the
domain. The point a) is obvious. As regards point b), in cases of scattered
convection, it may occur that flashes are assimilated in places far from
the strokes observed in the following hours. In these cases, WRF can
simulate convection in places close to positions where flashes are
assimilated but, in these places, flashes are not observed in the following
hours, giving false alarms.

3.2. Strokes forecast for the whole domain and for the two seasons

After showing examples of the impact of LDA on the strokes forecast
for specific cases, it is important to have a statistically robust quantifi-
cation of LDA performance for the whole domain and the whole period.
We consider the statistics for summer 2020 and fall 2021 and for the first
three hours (interval 0-3 h after the end of the spin-up/assimilation
phase) and for the second three hours (interval 3-6 h after the end of
the spin-up/assimilation phase) of forecast.

Results for summer 2020 and fall 2021 are represented by the per-
formance diagram in Fig. 6 for three different strokes intensities (1, 10
and 30 strokes per 24*24km? grid cell) and for the first three hours of
forecast. The performance diagrams show a substantial improvement of
the strokes forecast when LDA is used: the L forecast is always closer to
the upper right corner compared to the C forecast. The performance

10
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Fig. 7. Difference of the scores between the forecast with LDA and the control forecast (in this order): a) POD for summer 2020; b) FAR for summer 2020; c) POD for
fall 2021; d) FAR for fall 2021. Greenish colors are positive values, reddish colors are negative values. Grey colors represent grid cells with the same score values for C
and L. The differences are computed for all simulations in each season, considering the first 3 h of forecast and the threshold of 1 stroke per grid cell (24*24 km?) per
3 h. Asterisks show grid cells where the statistical significance of the difference of the scores is larger than 90%.

decreases with increasing thresholds, showing the difficulty of the
model to forecast precisely the most intense convection. It is also noted
that, as expected by the method used to assimilate lightning, the FBIAS
of the simulations with LDA increases compared to the control simula-
tions. This is especially apparent in fall (Fig. 6b), where the LDA has a
negative impact on the FBIAS. Summer scores (Fig. 6a) outperform the
corresponding values in fall both for C and L. This result is confirmed by
further analyses discussed later.

Results for the 3-6 h phase (not shown) reveal a small to negligible
impact of LDA on the strokes prediction and, for the experiment
considered in this work, LDA improves the lightning forecast at the
short-range (0-3 h) only.

Statistical significance of the difference of the scores for the experi-
ments with and without data assimilation using the resampling method
of Hamill (1999) is shown in Tables 2 and 3 for summer and fall,
respectively. Considering the results for summer, we note a significant
improvement of the forecast for the first three hours of forecast, with
some exceptions for the FBIAS. Interestingly, both the POD and the FAR
are improved. The improvement of both the hits and the false alarms has
a significant and positive impact on the ETS score. For the second three
hours of forecast, the LDA has a negligible impact on the strokes
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forecast; the FAR is improved while FBIAS is worsened. The inspection
of the model output reveals that the FBIAS of the phase 3-6 h of the
forecast with LDA (not shown) is lower than 1 and lower than that of the
control forecast. This behavior is likely related to the (excessive) amount
of moist static energy added to model through LDA, which could have
left too stable atmospheric conditions after the first three hours of
forecast. However, other issues as the simple nudging scheme to
assimilate lightning could have played a role, and studies are currently
in progress to better understand if using the 3DVar to assimilate light-
ning can improve this issue.

Results for fall show again a positive impact of LDA on both POD and
FAR for the first three hours of forecast (Table 3). As POD and FAR are
improved, the ETS score has a notable improvement for all thresholds.
The LDA tends to increase the number of predicted strokes as shown by
the FBIAS score, which is significantly worse in the forecast with LDA
compared to the control forecast and shows an overestimation of the
frequency of the events (Fig. 6b), even if better colocated with obser-
vations. The positive impact of LDA is limited because the method
doesn’t suppress explicitly the spurious convection, as for example in
Erdmann et al. (2023) or Lai et al. (2019).

During the forecast phase 3-6 h there is a negative impact of LDA on
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Table 4

First column: score; Second column: number of grid cells where the scores are
improved by LDA over the domain of Fig. 7; third column: number of grid cells
where LDA has a negative impact on the score; fourth column: percentage of
improved grid cells computed respect to the total number of grid cells of Fig. 7
(2055); fifth column: percentage of grid cells with negative impact of LDA on the
strokes forecast computed respect to the total number of grid cells (2055).

SCORE  Improved  Worsened  Percentage improved  Percentage worsened
FBIAS 1051 821 52 40

ETS 1312 576 64 28

POD 1399 173 68 8

FAR 906 512 44 24

Statistics refer to summer, to the 1 stroke in 3 h per grid cell (2424 km?)
threshold, and to the first three hours of forecast.

Table 5
As in Table 4 for fall.

SCORE  Improved Worsened  Percentageimproved  Percentage worsened
FBIAS 969 1073 47 52

ETS 1538 451 75 22

POD 1617 167 79 8

FAR 1317 518 64 25

the strokes forecast, as shown by the significant decrease of the POD for
all thresholds. Considerations similar to summer apply, and further
studies are required to improve this issue.

The results of this section show that the lightning forecast is sub-
stantially improved by LDA for the first three hours of forecast, while
there is small to negative impact for the following three hours.

3.3. Patterns for summer and fall improvements

It is interesting to show the spatial patterns of the improvement of
lightning forecast for the two seasons during the first three hours of
forecast to understand the results in more detail. Fig. 7 shows the dif-
ference of the POD (panels a and ¢) and FAR (panels b and d) for summer
(panels a and b) and fall (panels c and d) between the strokes forecast
with LDA and the control forecast. The threshold considered is 1 stroke
per 3 h per 24*24 km?. A positive difference in POD means that the
simulation with LDA has a higher POD compared to the control forecast;
conversely a negative difference of the POD score means that the fore-
casts with LDA performs worse than the control forecast. There are grid
cells where the POD of the control and that of the simulations assimi-
lating lightning could not be computed (no observations of lightning for
this grid cell for the period), which are represented by white cells. There
are cases when the POD score of the control forecast and that of the
forecast with LDA have the same value and they are represented as grey
grid cells.

The POD for summer is improved by LDA as shown by the larger
amount of green grid cells compared to red grid cells in Fig. 7a. In
particular, the improvement is more apparent over the Italian mainland,
over the Balkans and over the Adriatic Sea. The FAR improvement is
given by the reddish grid cells of Fig. 7b; in this case the largest
improvement is over the Tyrrhenian Sea and the Italian west coast. The
appearance of Fig. 7a and b is confirmed by the results of Table 4, which
shows the number of grid cells and the percentages of the total grid cells
improved by LDA and extends the analysis to FBIAS and ETS. The ETS is
improved in 1312 grid cells (64%) and it is worsened in 576 grid cells
(28%). The pattern of the improvement (not shown) is similar to that of
POD (Fig. 7a). FBIAS is also improved for this specific threshold (1051
grid cells are improved, while the score is worsened in 821 grid cells),
however the impact is much lower compared to other scores.

As shown in the previous section, the L and C strokes forecasts are
statistically different considering the whole domain, at least for the first
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Fig. 8. Total number of lightning assimilated in WRF in summer (panel a) and
in fall (panel b). White cells represent cases with zero lightning recorded.

3 h of forecast. The statistical difference was also evaluated for each grid
cell at 90% level for the 1 stroke per grid cell (2424 km?) per 3 h
threshold. Grid cells where L and C difference is statistically significant
are indicated by the asterisks in Fig. 7 (note that no grid cells were found
in fall). Attaining the statistical significance for grid cells is very difficult
for two main reasons: a) the number of events is drastically reduced
compared to the number of events for the whole domain; b) if a storm
occurs over a portion of the domain (the most common situation), the
impact of LDA is mainly in the portion of the domain interested by the
storm with some effect downstream, while for other grid points the
situation is unchanged. As a consequence, a much longer period must be
considered to attain the statistical significance for individual grid cells.

Fig. 7c shows the POD difference between the simulation with LDA
and the control forecast in fall 2021, while statistics are reported in
Table 5. The grid cells where the forecast is improved (1617, i.e. 79% of
the total grids cells) are mainly located over the Italian mainland and
over the Tyrrhenian Sea. Interestingly, this pattern is complementary to
that of summer. If we divide the domain of Fig. 7 in two parts with a
diagonal connecting the NW corner to the SE corner, the improvement in
summer is mainly in the northeastern half of the domain, while the
improvement in fall is mainly in the southwestern half of the domain.
The FAR, Fig. 7d, is improved by LDA in 1317 grid cells (64% of the grid
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Fig. 9. FSS for summer 2020 for different length scales (x-axis from 9 to 99 km) and for different intensities of the strokes (1, 5, 10 strokes per grid cell of the WRF
model): a) control forecast (C); b) forecast with LDA (L). Greenish colors show skillful forecasts. White cells are values below 0.2.

cells), while it worsened in 518 grid cells (25%). However, for this score,
the pattern of the improvement is rather uniform over the domain. The
ETS score is clearly improved in fall (Table 5), while it is noted a small
yet negative impact of LDA on the FBIAS score, as shown in the previous
section (Fig. 6b). It is noticed that the sum of improved and worsened
cells is not the same for all the scores as the number of undefined cells
and the number of cells where the score is the same vary from score to
score. The total number of grid cells, i.e. improved plus worsened plus
undefined plus constant, is 2055 for all scores.

To understand the different patterns of improvement of the strokes
forecast in summer and fall, it is useful to consider the maps of assimi-
lated lightning in the two seasons (Fig. 8). In summer (Fig. 8a), most
flashes occur over the land, namely the Italian mainland and the Bal-
kans, and over the Adriatic Sea, while they shift towards the sea, espe-
cially the Tyrrhenian Sea, in fall (Fig. 8b). This shifting is a consequence
of the different nature of convection in the two seasons. In summer the
convection is mainly over the land because it is triggered by the solar

13

heating in a condition of potentially unstable air. If suitable conditions
are met, the solar heating destabilises the planetary boundary layer, and
the potential instability is released through vigorous convection and
lightning. Of course, other mechanisms can be important, as the passage
of synoptic or sub-synoptic scale storms, nevertheless the mechanism
discussed above is very important in summer.

In fall, the convection shifts towards the sea and develops as cooler
air masses are advected over the warm Mediterranean Sea by meteo-
rological systems. Therefore, the largest number of strokes is observed
over the sea. The different distributions of the strokes in the two seasons
clearly determines the impact of LDA on the strokes forecast.

3.4. Fraction skill score

The FSS results for different intensities of the strokes (1, 5, 10 strokes
per WREF grid cell (3x3km?)) and for different length scales are shown in
Figs. 9 and 10 for summer 2020 and fall 2021, respectively. In summer,
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Fig. 10. As in Fig. 9 for fall 2021.

FSS of the control forecast (Fig. 9a) is lower than 0.5 for all thresholds
and it increases with the length scale and for lower intensities. The FSS
for the forecast with LDA (Fig. 9b) shows skillful forecasts for the three
intensities. The length scales for a skillful forecast are 33, 45 and 63 km
for 1, 5 and 10 strokes per WRF grid cell, respectively. The meteoro-
logical alerts for adverse weather conditions in Italy are issued by the
CPD and, for this purpose, the country is divided in about 100 subareas
whose typical length scale is of the order of 50 km. So, the alerts for
lightning occurrence in the next 3 h are skillful and compatible with the
alert areas already used by the CPD for the 1 and 5 strokes intensities.

The performance decreases in fall (Fig. 10). For simulations with
LDA, a skillful forecast is attained for length scales of 33 and 69 km for
the thresholds of 1 and 5 strokes per grid cell.

The results of this section show again that the strokes forecast is
better in summer than in fall. There are two main reasons for this
behavior: first, the number of lightning assimilated in summer is larger
than in fall; second, the nature of convection in the two seasons de-
termines a different performance of the lightning forecast. In summer
there is a larger number of lightning widespread over the land, a con-
dition that is simpler to forecast compared to more scattered and fewer
strokes observed in fall.
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3.5. Comparison with the previous day forecast

F22 showed that lightning forecast can be achieved with success over
Italy from the previous day forecast. In their analysis they considered the
strokes forecast for the whole day upscaled to a grid spacing of 24 km (as
in this paper) and limited their attention to the days with at least 10,000
strokes in summer and September 2020 and to the days with at least
3000 strokes in other periods. Summer 2020 is considered also in this
paper enabling a comparison with the results of F22 to answer to the
following question: are we able to refine the previous day strokes fore-
cast at the short range (0-3 h after the analysis phase) using LDA? For
summer 2020, 62 simulations are already available from F22. However,
to consider the whole summer, we simulated the (30) missing days as in
F22. In this approach, one forecast is issued for each day: the forecast
starts at 12 UTC on the day before the actual day to forecast, and initial
and boundary conditions are derived from the IFS analysis/forecast
cycle issued by ECMWF at the 12 UTC on the day before the actual day to
forecast. The first 12 h of forecast are discarded from the analysis (spin-
up time; Fig. 1b). Note that the domain, the grid resolution, the physical
configuration of the WRF model, and the WRF model itself are the same
as in F22, nevertheless C and F22 forecasts are similar but not the same
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Fig. 11. Performance diagram for the first three forecast hours for the strokes
prediction for the experiments L and F22. Red is for the 1 stroke/(24 km*24
km) threshold, green is for 10 stroke/(24 km*24 km), and magenta is for 30
stroke/(24 km*24 km). Straight lines represent constant values of FBIAS, while
hyperbolic lines represent constant values of TS. (For interpretation of the
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as they differ both in the simulation start time and in the spin-up time.

The comparison was done in this way: each day was divided in eight
3 h time slots and, for each of these slots, the forecast of the VSF
approach with LDA (L) and that of F22 were compared. Results (Fig. 11)
are discussed for the first 3 h of forecast after the ending of LDA (time
slots 00-03 UTC; 06-09 UTC; 12-15 UTC; 18-21 UTC), as there is no
improvement for the 3-6 h phase. The FBIAS of the F22 approach and
that of this paper (L) are similar, so the frequencies of the forecasts of the
strokes are similar for different thresholds. Nevertheless, the POD of the
VSF approach of this paper is better than that of F22 with an improve-
ment > 10% for all thresholds. Similarly, the L forecast has a lower FAR
than F22 with a reduction of about 10%. As expected, the TS score is
improved by the VSF using LDA compared to the F22 forecast.

The results of this section show that the LDA improves the previous
day strokes forecast at the short-range (3 h) by both increasing the
correct forecasts and reducing the false alarms and the forecast with the
LDA approach used in this paper should be run every 3 h to cover a full
day with the best skill. This gives the opportunity to use more precise
forecasts when the storm is approaching to take immediate actions to
mitigate lightning related impacts.

3.6. Analysis of the precipitation forecast

Even if the focus of this paper is on strokes prediction, it is interesting
to show the impact of the LDA on the precipitation forecast for
completeness and to make the results of this paper comparable with
those of previous studies. Fig. 12 shows the impact of LDA on the pre-
cipitation forecast for the first three hours of forecast in summer (panel
a) and fall (panel b) through the performance diagram. Three different
rainfall thresholds, namely 1 mm/3 h, 10 mm/3 h and 30 mm/3 h are
considered, focusing on light, moderate and intense rainfall events.

LDA improves the performance in summer for light and moderate
rainfall events (1 and 10 mm/3 h; Fig. 12a) with less, yet positive,
impact for the intense rainfall event. In fall, the precipitation forecast is
clearly improved for all thresholds (Fig. 12b).

The results of the resampling test for the precipitation forecast are
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Fig. 12. a) performance diagram of the precipitation for the first three hours of
forecast in summer; b) as in a) but for fall. Filled diamonds are the control
forecast (C), filled circles are the forecast with LDA (L). Red symbols are for 1
mm/3 h threshold, green symbols are for 10 mm/3 h threshold, magenta
symbols are for 30 mm/3 h threshold. Error bars superimposed to the L forecast,
are the 5th and 95th percentile of the POD differences (between L and C) and
FAR difference (between L and C) distributions computed by the resam-
pling test.

shown in Tables 6 and 7 for summer and fall, respectively, extending the
analysis to the 3-6 h forecast, to the ETS score and to new precipitation
thresholds. The resampling test shows a positive impact of LDA on the
rainfall forecast. In summer, the improvement is significant up to 30
mm/3 h, while in fall the positive impact of LDA goes up to heavy
rainfall (50 mm/3 h). Again, we note a negligible impact of LDA on the
3-6 h forecast range. Finally, LDA increases the POD score but leads to an
overestimation of rainfall, mainly for light rain in summer and for all



S. Federico et al.

Table 6
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Results of the resampling test for the precipitation forecast with or without LDA for summer.

Threshold (mm/3 h)

1 5 10 15 20 25 30 35 40 45 50
FBIAS 99;99 99;99 99; / 99; / 99; / 99; / 99; / /57 /5 / /57 /57
ETS /; 95 95; / 99; / 99; / 99; / 99; / 95; / /5/ /5 / /5 / /57
POD 99; 99 99; 95 99; / 99; / 99; / 99; / 99; / /5/ /5/ /5 / /57
FAR 99; 99 99;/ 99;/ 90; / /57 /57 /57 /57 /57 /57 /57
The first number in each cell refers to the 0-3 h forecast; the second number refers to the 3-6 h forecast.
Table 7
As in Table 6 but for fall.
Threshold (mm/3 h)
1 5 10 15 20 25 30 35 40 45 50
FBIAS 99;99 99; / 99; / 99; / 99; 99 99; 95 99; / 99; / 99; / 99; / 99; /
ETS 90; / 95; / /57 /57 /57 /57 95; / /57 90; / /57 90; 90
POD 99; / 99; / 99; / 99; / 99; 90 99; / 99; / 95; / 99; / /5/ 99; 90
FAR 99,99 99; 90 99; / 99; / 99; / 99; / 95; / 90; / /5 / 90; / 90; /

thresholds in fall.

There is an interesting and apparently contradictory impact of LDA
on the FAR of lightning and precipitation forecast. The LDA improves
the FAR of the strokes forecast but has a detrimental impact on the FAR
of the precipitation forecast. This is likely determined by the fact that
LDA adds too much water vapor into the atmosphere, at least in the
configuration used in this paper. This water vapor changes substantially
the atmospheric behavior and convection develops rapidly into the
model. As shown for the 29 August 2020 case study, between 12 and 15
UTC, the right positioning of the convection given by LDA may help to
suppress spurious convection. At the same time, the water vapor added
by LDA may precipitate soon after LDA or may remain into the atmo-
sphere and, if suitable conditions are met, may precipitate later in the
forecast. In any case the latter process can increase the false alarms if too
much water vapor is summed by LDA.

The 29 August 2020 is a good case to discuss this issue. Fig. 13 shows
the precipitation measurements, the precipitation forecast by the C
experiment, and the precipitation forecast by L experiment between 12
and 15 UTC. Observations show an important precipitation event
starting from Liguria and ending over northeastern Italy. Along this
precipitation pattern there are several raingauges reporting >40 mm/3
h with a maximum of 90 mm/3 h. The control forecast represents only
partially the observed precipitation pattern, while the forecast with LDA
gives a much better representation of it. This is confirmed by the
improvement of FBIAS, TS, ETS and POD scores for the 1 mm/3 h, 10
mm/3 h and 30 mm/3 h thresholds (not shown). Despite this
improvement, LDA has a negative impact on the FAR forecast. Specif-
ically, focusing of the rainfall thresholds of 1 mm/3 h, 10 mm/3 h and
30 mm/3 h the FAR of the control forecast is 0.15, 0.3 and 0.08,
respectively, while the FAR of the forecast with LDA is 0.18, 0.3, 0.20,
showing the increase of the FAR for the simulation with LDA. So, for the
29 August case study LDA reduces the FAR of strokes forecast but in-
creases the FAR of the precipitation forecast. The use of explicit con-
vection suppressing scheme (as in Erdmann et al. (2023) or Lai et al.
(2019))) and the application of 3DVar could further improve the per-
formance of LDA, but research is needed in this direction.

All in all, the results for precipitation show that LDA can substan-
tially improve the precipitation forecast and that the impact of LDA is
larger in fall compared to summer and it is confined to the first 3 h of
forecast.

4. Discussion

The impact of LDA on the strokes forecast changes between summer
and fall. In summer, the improvement is over the Italian mainland, over
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the Balkans and over the Adriatic Sea; in fall, the improvement is over
the Tyrrhenian Sea and the Italian mainland. The patterns of the
improvement are tied to the type of convection and to the lightning
distributions in the two seasons. In summer, convection is mainly forced
by the solar heating in a potentially unstable atmospheric environment
and strokes occur mainly over land. In fall, the convection develops over
the sea, especially the Tyrrhenian Sea, when cold air masses are
advected over the warm sea by synoptic-scale meteorological systems.
The improvement of the strokes forecast is mostly seen in the regions of
lightning observations and LDA, i.e. over the land in summer and over
the sea in fall.

The improvement of strokes forecast given by LDA is very important
when considering the operational environment. The analysis of the FSS
shows that the strokes forecast with LDA for 1 and 5 strokes per WRF
grid cell in summer and for 1 stroke per WRF grid cell in fall are already
skillful, using the alert areas defined by the CPD to issue meteorological
alerts over the Italian territory. The strokes forecast without LDA is not
skillful for the spatial and temporal scales considered in this paper. In
addition, we showed the capability of LDA to improve the previous day
lightning forecast by increasing the correct forecasts and by reducing the
false alarms. This opens the possibility to take immediate actions when a
storm is approaching to mitigate the impact of the lightning threat.

The impact of the LDA on the rainfall forecast is analysed shortly. As
already shown in several papers over Italy, LDA can improve the very
short-term precipitation forecast. The improvement is larger in fall
compared to summer because of the different nature of the precipitation
in the two seasons. It is noted that the LDA improves the POD of the
rainfall forecast but has a negative impact on the FAR score. The FAR
increase for the precipitation forecast is a limiting factor of the LDA
approach used in this work. An attempt to mitigate this issue, by
removing spurious convection, is given by Lynn et al. (2015), Lai et al.
(2019), and by Erdmann et al. (2023). They used two different tech-
niques to reduce the false alarms given by LDA with some success.
However, further research is necessary in this direction to better quan-
tify the impact of removing spurious convection on the precipitation
forecast.

It is noticed that while lightning and precipitation are related phe-
nomena, their forecast performance is different for the two seasons.
Lightning forecast performs better in summer, while precipitation
forecast is better in fall, and this is related to the different nature of the
convection and precipitation in the two seasons. With respect to this
point, the results of this work go in the same direction of Lynn (2017). In
particular, he studied the correlation between the FSS of the precipita-
tion and strokes’ intensities for different thresholds. He found that ac-
curacy in forecasting the probability of lightning did correspond to the
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Fig. 13. a) Rainfall observed by raingauges between 12 and 15 UTC on 29 August 2020. The first number in the parenthesis in the title shows the number of
raingauge observations available in the period, while the second number is the number of raingauges observing >0.2 mm; b) precipitation forecast of the control
simulation between 12 and 15 UTC on 29 August 2020; c) as in b) for the simulation with LDA.

accuracy in forecasting precipitation, nevertheless the correlation co-
efficient decreased with increasing precipitation and strokes thresholds.

While the results of this paper highlight the good impact of LDA on
the lightning forecast, the improvement is confined to the first three
hours of forecast. In general, similar results are found in other papers
both for lightning and precipitation forecast (Fierro et al., 2016; Lynn,
2017; Federico et al., 2019) and this is likely caused by the intrinsic
unpredictability of the deep convection associated with lightning. In
addition, we cannot quantify if the forecast improvement is confined in
the first, second or third forecast hour as the forecasting system verified
in this paper aims to predict the 3 h lightning and rainfall. However, the
above cited studies show that the improvement decreases quickly with
forecasting time and is larger in the first hour, compared to the second
and to the third hour. There are exceptions to this behavior, as shown in
Comellas Prat et al. (2021) or in Giannaros et al. (2016), who showed
longer impacts of LDA on the precipitation forecast for their cases,
nevertheless in these papers the statistics are shown for the whole
forecast range, and it is difficult to disentangle the contribution of LDA
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to different forecast phases. Future studies should investigate more in
detail this point using different data assimilation techniques (3DVar,
Ensemble Kalman Filter) and additional observations, especially those of
the METEOSAT Third Generation-Lightning Imager (MTG-LI), to
improve the forecast of deep convection for longer forecast ranges.

5. Conclusions
The main findings of this paper can be summarized as follows:

- LDA improves the lightning and precipitation forecast in summer
and fall. The improvement can be caused by new convection or
reorganization of the convection simulated by the control forecast,
without LDA;

- The positive impact of the LDA on the forecast is confined to the first
three-hours;
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- The pattern of improvement of the strokes forecast is different in
summer and in fall and is determined by the different type of con-
vection occurring in the two seasons;

- The forecast can be used to refine the previous days forecast when
the storm is approaching;

- Lightning and rainfall, while being related phenomena, are different
and the performance of their forecasts is diverse.
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