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Abstract
The present work shows the relevance of assimilating mesoscale observations and lightning 
data in the Weather Research and Forecasting (WRF) model, to simulate a strong convec-
tive event in northern Italy, poorly forecasted by available weather models even a few hours 
before the event itself. The data assimilation was conducted by testing the 3D-VAR and 
4D-VAR assimilation algorithms implemented in the WRF data assimilation (WRFDA) 
suite, with different configurations and different assimilation windows. An extensive sensi-
bility test has been operated to properly analyze the effect that the assimilation of a single 
station has on the model outcomes. Input data were taken from two networks of more than 
1000 citizen-science meteorological stations, available in northern Italy, and from light-
ning flashes derived from Earth Networks Total Lightning Network, assimilated using the 
atmospheric water vapor as a proxy variable. Rain forecasts over an area in the north of 
Milan were compared to the station’s measurements in the same area; POD, FAR, and CSI 
categorical statistics have been calculated. Results showed a positive improvement in the 
forecasted rain amounts with the ingestion of mesoscale weather data into 3D-VAR and 
4D-VAR algorithms, more pronounced using 4D-VAR with a more frequent input data 
integration. A few improvements were reported by the 3D-VAR, with the lightning data 
assimilation, probably caused by the absence of the model’s spin-up time with this con-
figuration. An ideal simulation, which increased the water vapor of the air mass 2 h before 
the convective event, reported a positive enhancement of the rain amounts. The tests con-
ducted on a single convective event are nevertheless encouraging, because they show a 
positive improvement of forecast with the assimilation of near-ground weather data and 
tropospheric water vapor 1 or 2 h before the beginning of the convection activity.
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1 Introduction

Data assimilation is a fundamental tool in modern numerical weather-prediction models. 
The purpose of data assimilation is to determine the best possible atmospheric state and 
its uncertainties using all available information, observations, and short-range forecasts 
(Fletcher 2017). Although data assimilation is widely used in global weather models from 
decades and several works have demonstrated the importance of data assimilation in the 
forecast of intense convective precipitation events (Fierro et  al.  2012, Mazzarella et  al. 
2017, Wagner et  al. 2022, Gustafsson et  al. 2017), it is only a few years since the data 
assimilation of ground data, radar, and lightning data is routinely applied in limited-area 
models. The reasons behind this fact are, mainly, the high computational resources needed 
to assimilate observations on a high-density grid, and the lack of new and novel observa-
tion data to use in the assimilation process, i.e., observations that have not already been 
used in the global models.

Among the various data assimilation algorithms, 3D-VAR and 4D-VAR determine the 
best estimate of the atmospheric state at analysis time, through the minimization of a cost 
function, which reduces the gap between observations and the trajectory forecasted by the 
model, and are of a very common use in recent data assimilation developments.

The latest advances in the real-time availability of observation data from different 
sources (meteorological weather station, satellite measurements, radar data, lightning data, 
crowd-sourced observations) are opening new possibilities for data assimilation in limited-
area weather models (Giazzi et al. 2022, Hintz et al. 2021).

Various studies about the impact of near-ground weather observations into the Weather 
Research and Forecasting (WRF) data assimilation system have been conducted through 
the years. In the work of Tong et  al. (2016), synoptic stations were assimilated into the 
WRF model using a 3D-VAR algorithm (Barker et al. 2003, Barker et al. 2004, Chu et al. 
2013) and, updating the input data every hour, an improvement of convection was reported. 
Wagner et al. (2022) applied a similar strategy using synoptic stations in a 3D-VAR con-
figuration, including GNSS (Global Navigation Satellite System) data in the input informa-
tion. This procedure permitted the improvement of the simulation of atmospheric water 
vapor content, not only in convective situations. The first study about the use of GNSS 
microwave signals goes back to the work by Bevis et al. (1992).

A set-up similar to Wagner’s was proposed by Rohm et  al. (2019), who assimilated 
GNSS data into the WRF model through the use of a 4D-VAR assimilation algorithm 
(Huang et al. 2009). The assimilation of GNSS data was also conducted in the work of Tor-
casio et al. (2023), with a 3Dvar implementation of the WRF model for a 1-month period, 
with a focus for a single heavy rain event in Italy.

Other experiences in assimilating GNSS data were conducted by Lagasio et al. (2019), 
and showed a positive improvement especially for precipitation and water vapor content. 
Water vapor plays a fundamental role in clouds and precipitation formation, so great atten-
tion is required in the best analysis estimate both at ground level and in its vertical distri-
bution. Fersch et al. (2022) focused on the importance of the assimilation of tropospheric 
input data for the improvement of the water vapor content in the atmospheric column.

Various attempts have also been made to assimilate lightning data into weather 
forecast models. Lightning data can be assimilated through the inclusion of rain rates, 
used as a proxy for lightning flashes (Benjamin et al. 2004). Mansell et al. (2007) used 
lightning data to trigger the convection with the use of a modified Kain-Fritsch cumu-
lus scheme. The same method was applied by Giannaros et al. (2016) for eight events 
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over Greece, with a positive impact on precipitation forecast. Papadopulos et al. (2005) 
used lightning data to force a different humidity profile derived from real humidity 
profiles under heavy rain occurrence and strong convection activity. Some novel ideas 
were introduced by Fierro et  al.  (2012) and Fierro et  al. (2014), who used lightning 
data to increase the water vapor mixing ratio in a particular altitudinal range, called the 
mixed-phase region. The water vapor increase is proportional to the number of lightning 
flashes, with the use of an hyperbolic tangent function.

Different adaptations of Fierro’s method were proposed by Qie et al. (2014), with the 
modification of graupel, snow, and ice crystal mixing ratios, and by Chen et al. (2019).

In recent years, many novel approaches have been presented for the Italian territory, 
and for the Mediterranean basin. Given the complex Italian orography, and the fact that 
Italy is surrounded by a warm sea, it is not unlike the development of heavy rainfall 
events and convective storms (Miglietta et al. 2021, Federico et al. 2008, Miglietta and 
Davolio 2022).

Different data assimilation approaches have been applied to the Italian territory. 
Maiello et  al. (2014), Mazzarella et  al. (2017), and Avolio et  al. (2011) studied the 
assimilation of radar data into the WRF model, both with 3Dvar and 4Dvar techniques. 
Avolio et al. (2011) and Ferretti et al. (2005) proposed the assimilation of meteorologi-
cal data from ground stations for the Italian territory, and showed a positive improve-
ment in rain forecast.

A large amount of research has been recently conducted in the lightning data assimi-
lation topic over the Italian territory. Federico et al. (2017) and Federico et al. (2019) 
show a positive impact of assimilating lightning data and radar data into the RAMS 
weather model, implementing the method of Fierro  et al. (2012) respectively for 20 
cases over Italy and for 2 heavy rain events in Italy.

Torcasio et al. (2021) underlined the importance of lightning data assimilation in the 
Mediterranean basin, showing positive impact in precipitation events by the assimila-
tion of lightning strikes over land and over sea.

Also, Prat et  al. (2021) provided a positive improvement of rain amount in three 
heavy rain events over Italy, by the assimilation of lightning data in the WRF model.

This present work provides a comprehensive analysis of a real, intense convective 
event which occurred in the early afternoon on July 11, 2020 in northern Italy, analyz-
ing different data assimilation techniques and configurations. Differently from most of 
the works cited above, the WRF model has been used in a cold-start configuration, in 
order to enhance the use of the latest global model initial and boundary condition data. 
Little evidence is present in the literature about the use of a cold-start configuration 
with data assimilation for heavy rain events (Mazzarella et al. 2021).

Near-ground observations are provided from different citizen-science weather net-
works, whereas lightning data are provided by Earth Networks Total Lightning Network 
(ENTLN). In particular, lightning data are assimilated with a re-adjustment of Fierro 
et al.’s (2012) algorithm.

Section 2 describes the configuration of the WRF model, the input data used for the 
assimilation processes, and a description of the convective event studied. A specific par-
agraph describes the verification methodology adopted.

Section  3 describes the data assimilation configuration used to assimilate weather 
stations and lightning data. Additionally, the description of an assimilation sensitivity 
analysis has been added.

In Section  4, the obtained results are discussed. Conclusions are reported in 
Section 5.
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2  Materials and methods

2.1  Model setup

The numerical weather forecasts were generated with the Weather Research and Fore-
casting model (WRF–ARW 4.2.2) developed by NCAR (National Center of Atmospheric 
Research). The model is run operationally by the US National Weather Service and, being 
open source and easily portable, it is widely used around the world for research and weather 
forecasts. The WRF model is a non-hydrostatic, fully compressible, primitive-equations 
model, and is deeply described in Skamarock et  al. (2019). Simulations have been per-
formed over a domain covering northern Italy and characterized by a 3.0-km grid step: 
the number of points is respectively 187 in east–west direction, and 127 in north–south 
direction. For all the simulations performed, the number of terrain-following vertical lev-
els adopted was 37 with model top at 50 hPa (~ 20 km), and initial and boundary condi-
tions have been provided by the Global Forecast System (GFS) (Environmental Modeling 
Center 2003). Boundary conditions have been provided to the WRF model every 3 h. All 
the simulations in the present work have been performed with a cold-start scheme. A first 
reason behind this setup is the attempt to use the latest GFS model data available as ini-
tial and boundary condition for the local WRF simulation: a warm-start configuration does 
not guarantee the use of the latest initialization data, and this aspect is of crucial impor-
tance in the particular case study analyzed in the present paper, wherein convection was 
not forecasted with the use of the previous global model initialization. A second reason is 
the attempt to explore the study of a heavy rain event with WRF model data assimilation 
with a configuration which is not widely used in the literature (Mazzarella et  al. 2021). 
Regarding the model setup, convection has been parameterized using the Betts-Miller-Jan-
jic scheme (Betts and Miller 1993). The main physics choices are the WRF single-moment, 
6-class bulk microphysics scheme (WSM6) by Hong et al. (2006), the Yonsei University 
scheme for the boundary layer, and 5-layer thermal diffusion land surface model.

To describe the subgrid-scale processes related to radiation physics, the rapid radia-
tion transfer model (RRTM) (Mlawer et al. 1997) and the Dudhia (Skamarock et al. 2019) 
parameterization schemes have been chosen respectively for long-wave and short-wave 
radiation.

With this configuration, the grid spacing has been chosen in the convection-allowing 
resolution interval, as used in several experimental NWP models, because a convection-
allowing resolution is of great importance to simulate strong convective events (Prat et al. 
2021, Fierro et al. 2012, Cassola et al. 2015, Ferrari et al. 2021). During the preliminary 
test phase, various model simulations have been performed, to better analyze the model 
dependence on grid resolution and convective scheme used: this analysis is reported in 
Section 2.3.

For consistency, all the simulations herein make use of the same physics parameteriza-
tions, numerics, and domain parameters.

2.2  Input data

The input data from meteorological weather stations comes from two major Italian citizen-
science networks, namely Meteonetwork (MNW) and Centro Meteo Lombardo (CML). 
MNW is a non-profit organization with the task to “promote and disseminate for the benefit 
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of the community the knowledge of meteorological, climatological, environmental, hydro-
logical and glaciological sciences, and their multiple expressions on the territory” (Giazzi 
et al. 2022).

CML is a non-profit cultural organization with the aim of studying Lombardy micro-
climate with real-time weather monitoring of the territory. MNW, at the time of event 
studied in the present paper, managed over 2000 meteorological weather stations over the 
Italian territory, and about 800 over the northern Italy territory. CML, at the time of event 
studied in the present paper, managed over 400 meteorological stations over the Lom-
bardy region and nearby areas. Network model and technology is heterogeneous, and the 
most used weather stations come from Davis (Vantage Pro 2 and Vue versions), Ecow-
itt, Froggit, Sainlogic, Oregon Scientific, Bresser, PCE, Irox, and Lacrosse. The weather 
parameters used in the present study are temperature, relative humidity, surface pressure 
(measured at the height of 2  m), wind speed, and direction (measured at the height of 
10 m).

Both citizen-science networks perform a quality check before the data release, in 
order to avoid missing or anomalous data. These checks include range tests, to exclude 
values out of the normal range of that particular variable, and cross-validation checks, 
to exclude anomalous values with respect to the nearby stations (Giazzi et al. 2022). In 
addition, a further check is conducted by the WRF data assimilation (WRFDA) software 
algorithms, since the absorption of the observations is possible only if the difference 
between the background model field and the observation value is smaller than a prede-
fined threshold.

All the meteorological station data used in the present study have a sub-hourly sample 
rate. More than one thousand stations located in northern Italy have been considered in the 
assimilation process.

The other observations used in this study are the lightning data, which have been 
obtained by ENTLN; at the time of the event studied here, this network consisted of 1800 
sensors deployed in more than 100 countries that detect wideband electric field signals 
emitted by both intracloud (IC) and cloud-to-ground (CG) lightning flashes (Rudlosky 
2015, Zhu et al. 2022).

Each lightning detection is associated with a series of parameters used in the classifi-
cation of the events: lat/lon coordinates of the event, current intensity, timestamp of the 
event, and type of event (CG — cloud to ground, IC — intra cloud). The medium location 
error of a generic lightning event is 215 m, which is a sufficient value for the purpose of 
this work. In the present study, every event (CG and IC) has been considered in the data 
assimilation process, and only the position and the timestamp parameters were taken into 
account.

2.3  Case study

The event analyzed in this work is a strong convective storm that interested northern 
Italy, during late morning and early afternoon of 11 July, 2020, caused by the interac-
tion of cold and dry air currents at 500  hPa in the Po valley with a warm, humid air 
mass already present in the low levels. The synoptic map at 9 UTC (Fig. 1) depicts the 
500-hPa geopotential level, along with 500  hPa temperature (shaded). The Mediterra-
nean region was interested by a flat, high-pressure area; at the same time, a trough from 
Central Europe to northern Italy caused a geopotential drop and the entrance of dry and 
cold air in the Po valley. Figure 2 represents the relative humidity field at 500 hPa at 9 
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Fig. 1  500 hPa temperature (shaded — °C) — and geopotential height (contour — m) — GFS 0.25° analy-
sis, 09UTC 11 July 2020

Fig. 2  500 hPa relative humidity field (%), along with wind vectors — GFS 0.25° analysis, 09UTC 11 July 
2020
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UTC, along with the wind vector at the same level. It can be observed the pre-existing 
humid air mass in the Po valley, and the dry air mass over Central Europe, crossing the 
Alps. Wind vectors are rotating from west to south-west direction, due to the cyclonic 
curvature of the trough. These synoptic conditions triggered the convection activity that 
developed in the late morning/early afternoon of the same day, starting from the north-
eastern part of the Piedmont region, and then propagating with an east/south-east direc-
tion, crossing Lombardy and then reaching Trentino-Alto Adige and Emilia-Romagna 
regions in the afternoon. A sequence of radar images, depicted in Fig. 3, shows the rapid 
but intense passage of the thunderstorm. The present work will focus on the first phase 
of the thunderstorm activity, between 11 and 13 UTC, with the passage of the convection 
activity north of Milan, analyzing the precipitation pattern over this area using different 
model configurations.

In Fig. 4, it is represented a satellite map of the event, taken at 12 UTC from Eumetsat 
MSG4 satellite. The image is a high-resolution image in realistic colors created using dif-
ferent spectral channels of the SEVIRI instrument on board MSG4. It clearly shows the 
development of the convection activity in the north-western part of the Lombardy region. 
Figure 5 represents the lightning strikes registered by the ENTLN network during 11 July 
2020. From the different yellow colors, it is possible to observe that the lightning strikes 
were concentrated between 11 and 13 UTC.

To better understand the thermo-hygrometric profile of the air mass present in the Po 
valley, an elaboration of the sounding of Milano Linate station at 12 UTC is depicted 
in Fig.  6. Along with the real relative humidity field from Linate sounding, the relative 
humidity profile forecasted by the WRF model for the same point and at the same time is 
plotted. The model, albeit initialized at 9 UTC, is not able to fully reproduce the humid air 
mass stationed over the area, especially in the low levels (between 1000 and 800 hPa), and 
in the mixed-phase region (between 700 and 500 hPa). Ground data assimilation and light-
ning data assimilation will act on these two key levels, modifying the thermo-hygrometric 
profile of the air mass.

To put in evidence the response of the numerical simulation to grid resolution and con-
vection parameterization, the data assimilation study has been anticipated by an exten-
sive test of different grid resolutions and convective parameterization schemes. In a 3-km 
grid resolution environment, both explicit convection and convective parameterization are 

Fig. 3  Radar images of the convective event. Reprocessing from Centro Meteo Lombardo (CML) archive
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reasonable. A vast literature has been written on the topic (Prat et al. 2021). In the present 
preliminary analysis, both convective methodologies, together with various grid resolu-
tions, have been tested, to better investigate the coupling effect of the two configuration 
parameters. A summary of this analysis is presented in Fig. 7, where hourly rain forecasts 
for 4 different configurations are plotted, both for two different grid resolutions (3 km and 
1 km) and for the activation/deactivation of a convective parameterization scheme. The 
comparison of the different simulations shows that, in this particular case, neither the grid 
resolution nor the use of a convective parameterization has a significant impact on the 
convection development and on the rain forecast amount. No significant changes in the 
rain pattern or in the rain amount are noticeable, and no convection activity in the north-
ern Milan area is present. The results of this preliminary analysis enforced the indication 
that the lack of convection activity has to be investigated in the initial and boundary con-
ditions of the global model, with the use of data assimilation algorithms. Moreover, it is 
reasonable to employ a 3-km grid resolution in the prosecution of the present work.

2.4  Verification methodology

In order to compare the different WRF simulations, a set of statistical indicators has been 
computed. The precipitation amount for the total event has been computed for a set of 

Fig. 4  High-resolution satellite image in realistic colors created using different spectral channels of the 
SEVIRI instrument on board MSG4 Eumetsat satellite. 12 UTC, 11 July
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Fig. 5  Lightning strikes registered by the ENTLN network during 11 July 2020. Color table represents hour 
of occurrence of lightning strikes, which are concentrated between 11 and 13 UTC 

Fig. 6  Milano Linate sounding data — 12UTC, 11 July
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40 different stations in the northern Milan area, which was interested by the convective 
activity between 11 and 13 UTC. The study area has been chosen for the high density of 
weather stations, and because of the lack of rain forecasted by WRF model without data 
assimilation. The stations located in the northern Milan suburbs were extracted from the 
entire station dataset used for the data assimilation tests, which previously underwent the 
quality check process detailed in the input data paragraph.

The subset was used to calculate three statistical indicators widely used to verify cat-
egorical variables, such as rain occurrence: POD (probability of occurrence), FAR (false 
alarm ratio), and CSI (Critical Success Index) (Wilks 2011).

These indices were calculated for different rain thresholds and the event was defined 
as “hit” if the amount of both forecasted and measured rain was above the predetermined 
threshold value.

For a smaller subset of six stations located in the northern suburbs of Milan, the total 
precipitation values were also plotted for the simulations with different data assimilation 
schemes. Such stations have been chosen because of their position, since they cover a wide 
area interested by the passage of the thunderstorm activity.

Figure 8 shows the positions of the station on a map.

Fig. 7  One hour accumulated rain (mm/h) at 12 UTC for different grid resolution and convection configura-
tions. a Three-kilometer grid resolution, explicit convection; b 3-km grid resolution, convective scheme 
activated; c 1-km grid resolution, explicit convection; d 1-km grid resolution, convective scheme activated
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3  Data assimilation methodology

3.1  Configurations of assimilation algorithms

The main focus of this study is the comparison of the output of the WRF model simula-
tions to the observations, applying different assimilation algorithms and different input 
data. The simulations are conceptually separated into 4 groups:

1# Control simulation;
2#Data assimilation using meteorological weather station as input data;
3#Data assimilation using lightning data as input data;
4#Ideal data assimilation.

The first group is composed of a single simulation, named WRF-ctl, which represents 
the WRF model simulation without any data assimilation. The WRF model configura-
tion has been detailed in Section 2.

The second group is composed of the WRF simulations with ground data assimi-
lation. Different data assimilation algorithms and configurations have been applied. 
In particular, the assimilation schemes listed with the codes 3D-VAR, 4D-VAR, 
4D-VAR_10min, and 4D-VAR_nolbc in Table 1 have been applied.

The third group is composed of a single simulation, named 3D-VAR-lgt, configured 
with a 3D-VAR data assimilation scheme with lightning data as the input dataset.

The fourth group is composed of a single simulation, named 3D-VAR_idealrh, con-
figured with a 3D-VAR data assimilation scheme, with an ideal change in water vapor 

Fig. 8  Six meteorological stations in the northern Milan region used in the verification process and plotted 
in the verification graphs. (1) Cernusco Lombardone. (2) Erba. (3) Inverigo. (4) Lesmo. (5) Lomazzo. (6) 
Villasanta
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content of the air mass, and initialized from GFS global model data similarly to the 
other data assimilation groups.

Table 1 summarizes the main configuration details of the data assimilation tests.
The convection activity started in the Piedmont region of north-west Italy, between 10 

and 11 UTC. Therefore, the starting point of the WRF simulations was fixed, for most 
configurations (WRF-ctl, 3D-VAR, 4D-VAR, 4D-VAR-10 min, and 3D-VAR-idealrh), at 9 
UTC. This particular starting point has been chosen since it is very close to the beginning 
of the convection activity, but at least 1 h before the first lightning activity, considering also 
the effects of the model spin-up time for cold model start.

For 3D-VAR data assimilation (3D-VAR and 3D-VAR-idealrh), observations have been 
assimilated into the model exactly at 9 UTC, with a 10-min observation tolerance (before 
and after 9 UTC), to take into account the fact that not all the observations were updated 
exactly at 9 UTC.

The 4D-VAR assimilation technique allows more technical configurations to be applied; 
some differences are detailed hereafter.

Input station data between 9 and 10 UTC are assimilated into 4D-VAR simulation, with 
1-h step interval between the observations (and so, one dataset at 9 UTC, and one dataset at 
10 UTC). After the data assimilation process, a new model initial state (analysis) at 9 UTC 
was created, and the model started from this corrected initial state. Together with the initial 
state, a new updated boundary condition file was created, in order to take into account the 
observations introduced at 9 and 10 UTC.

4D-VAR_10min is identical to 4D-VAR, but the observations are introduced into the 
model with a 10-min frequency (09:00 UTC, 09:10 UTC,… 10:00 UTC).

Unlike the previous 4D-VAR data assimilation configurations, 4D-VAR_nolbc does not 
update the lateral boundary condition file. The new analysis state is not produced at 09 
UTC, but at 10 UTC, and the WRF simulation starts from this new starting point, which is 
closest to the convection activity, but presents also a shorter spin-up time.

3D-VAR-lgt simulation presents some different and peculiar characteristics as compared 
to the previous one. The 3D-VAR-lgt input dataset is dependent from the lightning activity 
and it cannot be as flexible as the assimilation of ground station data in terms of starting 
point and assimilation interval. Since the first lightning activity has been detected between 
10 and 11 UTC, the lightning data has been assimilated into the model at 11 UTC, deter-
mining a starting time for the simulation at that time. To take into account the initial stage 

Table 1  Data assimilation configurations, with algorithm, model start hour, input data, frequency of inges-
tion of input data, and assimilation window

Code of the 
assimilation 
scheme

Data assimilation WRF start hour Input data Obs data 
frequency 
(4D-var)

Assimilation 
interval

WRF-ctl - 9 UTC - - -
3D-VAR 3DVAR 9 UTC Meteo stations - 9 UTC 
4D-VAR 4DVAR 9 UTC Meteo stations 1 h 9–10 UTC 
4D-VAR_10min 4DVAR 9 UTC Meteo stations 10 min 9–10 UTC 
4D-VAR_nolbc 4DVAR 10 UTC Meteo stations 10 min 9–10 UTC — no 

lbc
3D-VAR-lgt 3DVAR 11 UTC Lightning data - 11 UTC 
3D-VAR-idealrh 3DVAR 9 UTC Ideal - 9 UTC 
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of the thunderstorm development, every lightning strike in the 30-min interval before 11 
UTC has been used in the 3D-VAR-lgt data assimilation.

This detailed description of assimilation intervals and simulation starting points per-
mits to show one main difference between the assimilation of ground station data and 
lightning data: in order to have some input data, the assimilation of lightning strikes needs 
to be done after the initial development stages of the convection activity. In this study, 
3D-VAR-lgt simulation starts in the middle of the convection activity, giving practically 
no spin-up time to the forecast of rain in the next 2 h.

To better understand this aspect, an ideal simulation (3D-VAR-idealrh) has been stud-
ied, in which the change in the upper-level humidity values has been included at 09 UTC. 
In this particular analysis, humidity values have been increased not only in the mixed-
phase region, but also in the lower region, between 950 and 800 hPa, considering that the 
analysis of the sounding data suggested a lack of specific humidity at those levels (Fig. 6). 
3D-VAR-idealrh simulation is an ideal simulation, and it cannot be replicated in a real-time 
operational activity for two reasons: it makes use of the lightning activity 2 h before the 
lightnings themselves appear; it uses a suggestion derived from the analysis of the sound-
ing data, available after about 4 h. Instead, the other data assimilation configurations are 
potentially applicable in real operations, since they make use of station data before the 
development of convection activity.

3.2  Lightning assimilation procedure

The procedure used to assimilate the lightning data in the WRF model is a re-adjustment 
of the algorithm proposed by Fierro et al. (2012). Lightning flashes that occur in a prede-
termined time interval centered on the assimilation time in a given area are associated with 
the nearest model grid point. At that point, water vapor is added to the mixed phase region 
of that atmospheric column, via an hyperbolic tangent equation (the mixed phase region is 
the column interval between the 0 and − 20 °C isotherms).

Formula 1 is a variation of the equation proposed by Fierro  et al. (2012). In Fierro’s 
formula, the water vapor increase is calculated starting from the water vapor saturation 
mixing ratio and from graupel mixing ratio, and then the result is converted into relative 
humidity before entering the data assimilation process. In the present work, the formula 
has been simplified with the direct use of the relative humidity, which is increased using 
a direct dependence with the number of lightning flashes. Additionally, Fierro’s algorithm 
is applied only if the relative humidity field in the corresponding grid point is below a 
predefined threshold: Formula 1 does not take into account this aspect, and is not intended 
to have a general validity: the reason behind this particular choice is the attempt to easily 
increase water vapor into the mixed phase region for this particular case study.

HR
0
 is the relative humidity extracted from the model analysis, at the assimilation time. 

X is the number of lightning flashes associated with the model grid point. HR is the relative 
humidity after the enhancement algorithm. A and B are parameters that regulate the rela-
tive humidity increase in dependence on the number of flashes. The value for parameter A 
has been fixed to 30, in order to set-up a maximum increase of relative humidity of 30%. 
The parameter B has been fixed to 0.15, so to obtain a relative humidity increase close to 
the maximum value for 15 flashes or more per unit time. The hyperbolic tangent function 

(1)HR = HR
0
+ Atanh(BX)
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guarantees a rapid increase in the humidity values for a small number of lightning flashes, 
rapidly reaching the asymptotic value.

The use of relative humidity as a dependent value of the algorithm permits to directly 
assimilate this variable into the WRF model.

To better visualize the actual change in the atmospheric column during the data assimila-
tion of the lightning flashes, a histogram of the relative humidity values for a series of atmos-
pheric levels, before and after data assimilation, is reported in Fig. 9. The point analyzed is at 
the core of the initial stage of the convection activity, with coordinates 46.80N, 8.40E. It is 
clear from the plot that the vertical space between 500 and 600 hPa has been subjected to an 
increase between 25 and 30% of relative humidity, reaching the maximum value of 100%. It is 
also clear from the plot that the other vertical levels have remained unchanged by the assimila-
tion procedure, because only the levels in the mixed phase region are impacted.

3.3  Tuning analysis

In the WRFDA suite, weather station input data are assimilated into the model, and the 
assimilation features can be modified operating on several parameters.

As a first step, the calculation of the background error has been computed, to avoid 
the use of a generic background error (Descombes et  al. 2015). The calculation of the 
background error has been made by comparing a series of previous WRF model forecasts, 
with the same geographical domain and the same parameterization, simulated using the 
real data 12/24 h before the simulation object of this study. In particular, the background 
error matrix has been calculated using cv option number 5 of the WRFDA suite, using a 
36-h-long period for the matrix computation. The reason behind this value was the pur-
pose of including a sufficient number of model cycles to produce a consistent value of the 
matrix, without including time intervals excessively distant from the case study event. The 
control simulations were compared against the correspondent analysis, in order to calculate 
the model error just before the data assimilation period, which is used as the background 
error during the data assimilation process.

Fig. 9  Comparison between relative humidity field at different isobaric levels, before and after the lightning 
data assimilation, for an atmospheric column. Only the isobaric levels in the mixed phase region exhibit an 
increase in the relative humidity field
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A second step involves the tuning of two scaling parameters in the WRFDA namelist, 
var_scaling and len_scaling parameters: var_scaling controls the magnitude of the per-
turbation introduced by the observations into the model grid, whereas len_scaling con-
trols the spatial extension of the perturbation introduced by the observations. Various 
tests and simulations have been conducted, assimilating only one station at a time, in 
order to analyze the particular effect on the background field. The same procedure has 
been repeated for every input parameter that entered the assimilation process (temper-
ature, relative humidity, wind speed, and direction). The selection of the best scaling 
parameter has been conducted with the aim of obtaining a spatial effect for a single 
observation point of about 20  km. This distance was chosen on the basis of the den-
sity of meteorological stations in northern Italy: even in the areas with the lowest sta-
tion density, the minimum distance among stations is comparable or even less than that 
value.

A similar argument is behind the selection of the scaling parameter for the lightning 
data assimilation: in this case, a len_scaling which permits a perturbation of the size of 
a convective cell (about 20 km) has been chosen.

After a sensibility analysis, a len_scaling of 0.5 and a var_scaling of 1 were chosen 
for the scaling parameters of the data assimilation tests. Figure 10 represents the pertur-
bation of the relative humidity field at 500 hPa, caused by the assimilation of a single 
lighting strike located at a test point of coordinates 45.4N-9.1E.

Figure 11 represents the true background perturbation caused by the assimilation of 
the lightning activity at 11 UTC, located in the eastern part of the Piedmont region. 

Fig. 10  Tuning analysis. Relative humidity analysis difference after the assimilation of a single lightning 
strike. RH field at 500 hPa (%)
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This area corresponds to the initial convective area of the thunderstorm, which is also 
visible from the first radar snap-shot in Fig. 3.

4  Results and discussions

Figure 12 reports a composition of the five main simulations, representing 1-h accumu-
lated precipitation for the domain simulation over northern Italy. To focus the attention 
on the northern Milan region, a circle has been drawn on the control map, and the hourly 
precipitation between 11 and 12 UTC has been represented. It is evident from the map that 
the control simulation presents a lot of convection activity in the Alpine region, but no 
active precipitation areas in the northern Milan region. Otherwise, 3D-VAR, 4D-VAR, and 
4D-VAR_10min simulations show a presence of convection activity in the area of inter-
est. 3D-VAR shows a more intense but geographically limited area of convection, whereas 
4D-VAR and 4D-VAR_10min present a larger area interested by precipitation. 4D-VAR_
nolbc shows little differences with the control simulation, apart from a slight increase of 
the precipitation in the eastern part of the northern Milan area. It is worthwhile to men-
tion that, apart from the 4D-VAR_nolbc simulation, all the data assimilation cases show 
an increase of the convection activity and the related precipitation, not only in the area of 
interest, but also in other areas, e.g., in the alpine region, where convection activity was 
already present in the control simulation, notably the eastern part of Lombardy, Trentino-
Alto Adige, and Veneto regions. Although the data assimilation maps show the presence of 

Fig. 11  Relative humidity analysis difference at 500 hPa after the assimilation of the lightning data (%) — 
11 UTC 
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convection activity in the northern Milan region, the intensity is not comparable to the real 
radar representation of the event.

A more quantitative comparison among simulations has been presented in Fig.  13. 
Total precipitation of the convective event is shown for the six meteorological stations 
under investigation, along with the five WRF simulations analyzed. First, the comparison 
between real station amount (observed) and WRF-ctl shows the lack of convection activ-
ity forecasted by the control simulation, except for a small amount in the Inverigo station. 
3D-VAR, 4D-VAR, and 4D-VAR_10min exhibit an increased amount of precipitation with 
respect to the WRF-ctl. This behavior is present for every station analyzed, and, generally, 

Fig. 12  One hour accumulated rain (mm/h) at 12 UTC from different data assimilation configurations. a 
WRF model without data assimilation. b 3D-var assimilation with synoptic stations as input data. c 4D-var 
assimilation with 1-h assimilation window. d 4D-var assimilation with 10-min input data frequency. e 
4D-var assimilation without lateral boundary condition update. Rain accumulated from 11 to 12 UTC 
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4D-VAR_10min shows a greater amount of precipitation than 3D-VAR and 4D-VAR. The 
total precipitation values of these simulations do not reach the corresponding values at the 
ground stations, except for Cernusco Lombardone, where the observed and forecasted val-
ues are very similar. More pronounced differences are present in the stations at the edge of 
the area of interest, e.g., Lomazzo in the west, and Lesmo in the south-east. 4D-VAR_nolbc 
shows an intermediate behavior, given that only for some stations the precipitation is com-
parable with the other data assimilation simulations. Overall, WRF simulations with data 
assimilation show an increased ability in the convection representation, with respect to the 
control simulations, but they do not reach the total amount observed at the ground stations.

Figure 14 represents a plot of 3 different categorical indices (POD, FAR, and CSI), cal-
culated for the 40 stations included in the area of interest, and for the entire duration of 
the convective event. The indices have been calculated for different rain thresholds, from 
1 to 33 mm (maximum rain amount), with intervals every 4 mm, in order to analyze the 
ability of the forecast of different rain amounts. The probability of detection plot presents 
high values in the lower range of precipitation amount (less than 5 mm), with a general-
ized decrease of POD values as the total precipitation increases. For precipitation amounts 
greater than 15 mm, POD values are below 0.1 for every simulation. This is coherent with 
the previous analysis: no simulation was able to forecast the true amount of rain during 
the entire event, which explains the poor POD values for large rain amounts. Among the 
different WRF simulations, WRF-ctl exhibits the lowest performance even for the smallest 
rain thresholds, with a maximum value of 0.2, and rapidly decreasing toward zero. WRF 

Fig. 13  Total precipitation amounts of the event for the 6 stations under investigation. In addition to the 
observation data (obs) and the WRF model simulation without data assimilation (WRF-ctl), 4 different data 
assimilation configurations are plotted: 3D-var, 4D-var, 4D-var_10min, and 4D-var_nolbc. Observation val-
ues are between 15 and 30 mm for the total event
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simulations with data assimilation overall exhibit better performances as compared with 
WRF-ctl. 4D-VAR-10 min and 4D-VAR-nolbc show a wide area of precipitation, so that 
POD values are relatively great at the lowest rain thresholds: in fact, if a rainy event is 

Fig. 14  Categorical indices calculated using 40 meteorological stations in the northern Milan area, with the 
rain amounts of the total event. Data are taken from WRF model without data assimilation (WRF-ctl), WRF 
model 3D-var using ground station data as input data (3D-VAR), WRF model 4D-var using 1-h assimila-
tion window (4D-var), WRF model 4D-var using 10-min obs frequency (4D-var-10 min), and from WRF 
model 4D-var without lateral boundary condition update (4D-var_nolbc); a false alarm ratio, b probability 
of detection, c critical success index
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spread over a wide area, the rain event is correctly forecasted at a great number of stations 
if the chosen rain threshold is low; on the contrary, the rain spread results in only a few sta-
tions correctly forecasted if the rain threshold is high. 3D-VAR and 4D-VAR have smaller 
POD values at low rain threshold, but greater values at medium rain threshold (especially 
3D-VAR). Overall, 3D-VAR and 4D-VAR-10 min exhibit the better performance.

The FAR plot shows that, for the majority of rain thresholds, values are very low, less 
than 0.3. This can be easily explained with the rain underestimation shown in the total pre-
cipitation plot: it is more difficult to give a false alarm when the rain values are generally 
underestimated. Some points in the plot present the unusual very high value of 1: this can 
also be explained with a slight displacement of the rainy area that determines the presence 
of a simulated peak at the margin of the real precipitation area, resulting in a false alarm. 
WRF simulations with data assimilation do not present different trends among them.

The Threat Score Index (CSI) presents a behavior comparable to the POD index. The 
reason is that the CSI is a composition of POD and FAR indices, and, since the FAR index 
presents very low values, CSI is very close to the POD index. The POD plot interpretation 
is also valid for the CSI plot interpretation.

In Fig. 15, a map comparison between 1 h accumulated rain is presented. On the left, 
there is the map of 1-h precipitation between 11 and 12 UTC for 3D-VAR simulation, on 
the right, the same map but for 3D-VAR-lgt simulation. It is clear from the precipitation 
map that the 3D-VAR-lgt simulation is not able to correctly reproduce the convection, not 
only in the area of interest, but also diffusely on the Alpine region. Precipitation amount 
is lower, and in some areas precipitation is not represented. Moreover, Fig.  16 shows a 
plot of the amount of precipitation for the whole event and for the same locations shown 
in Fig. 13. The comparison clearly demonstrates that 3D-var-lgt is not able to recreate the 
convection activity in the northern Milan area, presenting only weak precipitations in a few 
stations. On the contrary, 3D-VAR outperforms 3D-VAR-lgt both with regard to the locali-
zation of the events and with regard to the amount of the precipitation. For this particular 
case, 3D-VAR-lgt shows only a little improvement on the WRF-ctl simulation.

A similar conclusion is inferred from Fig. 17, which represents the CSI for 3D-VAR and 
3D-VAR-lgt simulations. 3D-VAR outperforms 3D-VAR-lgt for every rain threshold, espe-
cially in the highest range of precipitation, since 3D-VAR-lgt maximum value is 10 mm.

A possible explanation of the poor 3D-VAR-lgt behavior could be the very short spin-
up period for this simulation: since the convection activity started at about 10 UTC in 

Fig. 15  One hour accumulated rain between 11 and 12 UTC. On the left: WRF model with 3D-var data 
assimilation, using synoptic meteorological stations as input data (3D-VAR). On the right: WRF model 
with 3D-var data assimilation, using lightning data as input data (3D-VAR-lgt)
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the eastern part of the Piedmont region, the first lightning activity developed between 10 
and 11 UTC. This lightning activity has been assimilated at 11 UTC, and the 3D-VAR-lgt 
simulation started at the same time. Since most of the precipitation amount was generated 
in the region of interest between 11 and 13 UTC, it is evident that the spin-up time was 
almost negligible, and the simulation started with the convection activity already in place. 
This feature is mostly responsible for the poor performance of that model. The short dura-
tion of the thunderstorm activity is another important factor, since lightning data assimila-
tion has a better performance for longer convective events, in which the data assimilation 
of the first lightning strikes has a sufficient time to produce a successful result in the later 
stages of the thunderstorm activity (Federico et al. 2021). Moreover, the humidity changes 
in the mixed-phase region could not have been sufficiently high and widespread to start 
and maintain a convection activity as in reality. A possible explanation of this behavior 
could be the fact that during the summer, the 0 °C and − 20 °C isotherms are very high, 
and so the increase in water vapor happens at very high altitude, limiting the possibility of 
maintaining a robust convection process. This is also underlined by the comparison with 
3D-VAR-idealrh, which does not suffer from this issue.

As already pointed out, the present work aims at studying data assimilation from a cold-
start point of view, prioritizing the use of the latest GFS model emission compared with a 
more complex system of model restart through the warm-start process, using more elabo-
rated sets of forecast-data assimilation cycles (Federico et al. 2019, Prat et al. 2021). And 
so it is important to notice that, even in this particular case study, 3D-VAR-lgt achieves a 

Fig. 16  Total precipitation amounts of the event for the 6 stations under investigation. In addition to the 
observation data (obs), 2 different data assimilation configurations are plotted: WRF model 3D-var data 
assimilation with synoptic station as input data (3D-var); WRF model 3D-var data assimilation with light-
ning data as input data (3D-var_lgt)
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better performance than WRF-ctl, although not comparable to the other data assimilation 
simulations which present a more pronounced spin-up time.

To better understand these aspects, spin-up time and relative humidity increase only in 
the mixed-phase region, a precipitation map between 11 and 12 UTC for 3D-VAR-idealrh 
is proposed in Fig. 18.

3D-VAR-idealrh clearly outperforms every other data assimilation configuration in the 
forecast of the convection activity in the northern Milan area. The shape of the area inter-
ested by the heavy rain event is very similar to the radar image of Fig. 3 between 11 and 
12 UTC, and the precipitation amount is clearly much larger than the previous simula-
tions, reaching values above 20 mm in 1 h. Apart from the eastern part of the Piedmont 
region, and the western part of the Lombardy region, the other areas have remained almost 
unchanged by the data assimilation process: that is reasonable, since the relative humidity 
change has been operated only in the eastern part of the Piedmont region, replicating the 
humidity increase in the areas interested by 3D-VAR-lgt.

Figure 19 reports the total precipitation amount of the whole event, with a comparison 
between 3D-VAR-idealrh and the control simulation without data assimilation. 3D-VAR-
idealrh shows precipitation amounts very similar to the observed values in every point of 
the validation set, differently from the other data assimilation simulations, which provided 
far less total precipitation values. In some cases (Cernusco Lombardone, Lesmo, and Vil-
lasanta), 3D-VAR-idealrh precipitation amounts even exceed the observation values. This 

Fig. 17  CSI calculated using 40 meteorological stations in the northern Milan area, with the rain amounts 
of the total event. Data are taken from WRF model data assimilation using ground station data as input data 
(3D-VAR) and from WRF model data assimilation using lightning data as input data (3D-VAR_lgt)
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could be due to the heavy water vapor increase in the atmospheric column, not only in the 
mixed-phase region, but also in the lower atmospheric levels; this consideration is inferred 
from the Linate sounding data, and it has to be considered a limit case of a hypothetical 
water vapor ingestion in the atmospheric column.

5  Conclusions

A strong convective event located in northern Italy has been accurately studied and simu-
lated through the use of the WRF model, at a convective-permitting resolution. Various 
data assimilation algorithms have been tested, and two different data sources have been 
used (weather stations and lightning data). Promising results have been obtained through 
the use of the 3D-VAR algorithm with weather station data. This could be due to the 
increase in water vapor amount near the ground just before the start of the convection. The 
precipitation area is better defined, and there is a generalized raise in precipitation amount 
in the northern Milan area. A slightly better result is obtained using the 4D-VAR algorithm, 
and a further enhancement of precipitation amount is found. This might be due to the large 
number of weather station data ingested into the data assimilation with the 4D-VAR algo-
rithm, together with the propagation of analysis increment over the whole temporal assimi-
lation window, and not only in a fixed instant in time, like in the 3D-VAR algorithm. This 
is especially obtained with the model configuration which permits the update of the lateral 

Fig. 18  One hour accumulated rain between 11 and 12 UTC. WRF model with 3D-var data assimilation, 
using atmospheric column ideal data as input data (3D-VAR-idealrh). Data assimilation produced a forcing 
of the relative humidity field over the entire column before the beginning of the convection
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boundary condition during the assimilation window, and draws attention to the improve-
ment of the forecast using weather station data.

Lightning data, assimilated into the model adding water vapor in the mixed-phase 
region, did not produce significant results, generating only a little increase of precipitation 
compared to the WRF-ctl simulation. In fact, in a real operational environment, the avail-
ability of lightning data is subordinated to the convection activity already in place, and so 
the assimilation of this type of data is not really able to increase the precipitation effects in 
the subsequent temporal intervals. This fact confirms the hypothesis that lightning data, as 
well as rain observations, could be more valuable in extended and stationary convection 
systems, in which data assimilation could improve the central and final stages of the con-
vective development. It should be emphasized that this research is based on WRF model 
cold-start simulation, which has the property to increase the problems related to spin-up 
features. This is true especially for lightning data assimilation, because the spin-up time 
is even shorter. Differences in the behavior of data assimilation have been found compar-
ing our research with some recent works proposed in the literature (Federico et al. 2019, 
Mazzarella et  al. 2021), especially in the lower improvement of rain forecast with light-
ning data assimilation. Again, we think that this could be caused by the lack of warm-start 
configuration, with more forecast/data assimilation cycles before the real forecast, and by 
the particular case study event, in which no evidence of the starting of convection activ-
ity was present using only the global model initial condition. Data from Linate sounding 

Fig. 19  Total precipitation amounts of the event for the 6 stations under investigation. In addition to the 
observation data (obs), 2 different WRF configurations are plotted: WRF model without data assimilation 
(WRF-ctl); WRF model 3D-var data assimilation using atmospheric column ideal data as input data (3D-
var_idealrh)
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also suggested that the thermo-hygrometric forecast in the Po valley suffered from a lack 
of water vapor not only in the mixed-phase region, but also in the lower region between 
950 and 800 hPa, which may play an important role in the thunderstorm development. To 
support this indication, an ideal simulation, with the increase of water vapor in these two 
key levels, was also performed. This simulation showed an increased ability in the fore-
cast of precipitation localization and amount, producing a result very similar to the radar 
images of the considered event. The modification of the tropospheric water vapor profile, 
provided with a sufficient advance (1–2 h) with respect to the beginning of the convection 
activity, has been proved to be, in this case study, an important element which drastically 
improved the forecast (Román-Cascón et al. 2016, Wang et al. 2012). This work also sug-
gests the possibility to explore other input data sources, such as lidar sounders or geosta-
tionary satellite atmospheric sounders, which may provide valuable information about the 
atmospheric thermo-hygrometric profile sufficiently in advance of the start of the convec-
tion. More research has to be conducted in the exploration of the warm-start configuration, 
to realize the importance of this key aspect, especially for lightning data assimilation.
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