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S1 Introduction 1 

In this supplemental material, we discuss several sensitivity tests of lightning and radar reflectivity 2 

factor data assimilation. In particular: a) the contribution of data assimilation to the evolution of 3 

total water for each source of data is considered in Section S2; b) the sensitivity of rainfall VSF to 4 

the formulation of lightning data assimilation is discussed in Section S3; c) the sensitivity of rainfall 5 

VSF to two specific aspects of radar reflectivity factor data assimilation is considered in Section S4; 6 

d) the sensitivity of rainfall VSF to RAMS@ISAC setting is discussed in Section S5.  7 

Section S6 shows the impact of lightning data assimilation for a case study well predicted by the 8 

control forecast, which doesn’t assimilate neither lightning nor radar reflectivity factor. A different 9 

representation of the Figures 15-17 of the paper is provided in Section S7. The form of the forward 10 

radar operator is provided in Section S8. Conclusions are given in section S9. Table 1 shows the list 11 

of the simulations discussed in this supplemental material.  12 

 13 

S2 Evolution of total water 14 

Because both lightning data assimilation and radar reflectivity factor data assimilation adjust the 15 

water vapour mixing ratio (qv), it is interesting to evaluate the contribution of each data source to 16 

the qv adjustment including in this evaluation the assimilation phase (0-6 h).  17 

Fierro et al. (2015) used the total water substance mass (accumulated precipitation + total 18 

hydrometeors and water vapour mass) to quantify the impact of lightning data assimilation by 19 

nudging. Here we use a similar approach. More specifically, we consider the forecasted accumulated 20 

precipitation and the total hydrometeors and water vapour mass averaged over the grid columns. 21 

Moreover, we averaged all VSFs for Serano and Livorno. Figure S1a shows the evolution of 22 

accumulated precipitation forecast, while Figure S1b shows the evolution of hydrometeors plus 23 

water vapour mass forecast. 24 

Figures S1a and S1b show that flashes add less water vapour compared to radar reflectivity factor 25 

data assimilation and, of course, RADLI has the largest impact. In particular, the total water mass 26 

added to the background at the end of VSF is 2.5%, 5.7% and 7.4% of the background value for 27 

LIGHT, RAD and RADLI, respectively.  28 

Interestingly, the total water mass added by RADLI to the background is less than the sum of the 29 

total water masses added by RAD and LIGHT. This happens because RAMS-3DVar adds water to the 30 

background limiting the impact of nudging during the simulation and vice-versa.  31 



Accumulated precipitation accounts for the largest part of the water mass added to the simulation, 32 

similarly to Fierro et al. (2015). At the end of the assimilation phase (6h), the evolution of the 33 

hydrometeors plus water vapour mass converges towards the background as boundary conditions 34 

propagate into the domain. 35 

 36 

S3 Sensitivity to nudging formulation 37 

As stated in Section 3.2 of the paper, the application of the Fierro et al. (2012) method to 38 

RAMS@ISAC is not straightforward. Furthermore, the optimal setting of the coefficients of Eqn. (1) 39 

(see the paper for the expression of the equation) depends on the case study. For these reasons, it 40 

is important to evaluate the sensitivity of the results to the nudging formulation. For this purpose, 41 

we show the variability of ETS and POD scores with A and B coefficients of Eqn. (1). The scores are 42 

computed considering all VSF of the two case studies for different configurations: A_76 has the 43 

coefficients A=0.76 and B=0.25; LIGHT has A=0.86 and B=0.15 (default setting), SAT has A=1.01 and 44 

B=0; RADLI has A=0.86 and B=0.15 (default setting).  45 

Scores are computed for RAMS@ISAC second domain considering the nearest neighbourhood 46 

rainfall for all VSF of Serano and Livorno. ETS score (Figure S2a) shows that all configurations 47 

assimilating either lightning or radar reflectivity factor or both observations improve the forecast 48 

for all thresholds. RADLI has the best ETS for rainfall intensity larger than 32 mm/3h in agreement 49 

with the results of the three VSF discussed in the paper. 50 

Simulations assimilating lightning perform better than simulations assimilating radar reflectivity 51 

factor for thresholds lower than 32 mm/3h because they have less false alarms (not shown). A_76 52 

has the worst score among all simulations assimilating lightning. The comparison between LIGHT 53 

and SAT shows mixed results: SAT performs better up to 32 mm/3h, while LIGHT is better for higher 54 

thresholds. This behaviour is confirmed by the POD (Figure S2b). A visual inspection of the model 55 

output reveals that, for high rainfall intensities, SAT generates spurious convection in some areas 56 

while misses convection in other areas that are correctly forecast by LIGHT. 57 

Lynn et al. (2015) implemented a method suggested by Fierro et al. (2012) to suppress spurious 58 

convection in WRF (Weather Research and Forecasting Model). This method compares the lightning 59 

forecast during the assimilation period with observations to filter out spurious convection. The 60 

application of the methodology on 10 July 2013 improved the forecast of the squall line from Texas 61 

to Iowa, which was the focus of the forecast on that day; however, the application of the method 62 



to 19 and 21 March 2012 over the CONUS gave mixed results, improving the forecast in the first 6h 63 

and worsening it in the following hours. 64 

The implementation of this method could be used in RAMS@ISAC in future applications of the 65 

nudging scheme, to suppress spurious convection. 66 

It is finally noted that RAD and RADLI have high POD values for all thresholds, nevertheless their ETS 67 

is below that of LIGHT and SAT for rainfall intensities up to 32 mm/3h for RADLI and up to 42 mm/3h 68 

for RAD. This behaviour is caused by the larger number of false alarms in simulations assimilating 69 

radar reflectivity factor compared to those assimilating lightning. This result shows again that RAD 70 

and RADLI configurations have a wet bias. In particular, the frequency bias of RAD and RADLI 71 

configuration is about 3 for thresholds between 20 and 40 mm/3h. 72 

 73 

S4 Sensitivity to radar formulation 74 

In this section sensitivity tests involving two different settings of radar reflectivity factor data 75 

assimilation are performed: a) observation error (1 to 3 dBz for the default setting); b) the shape of 76 

the area used for computing the relative humidity pseudo-profiles. 77 

We limit the discussion to the Livorno case, which is the most intense between the two events 78 

considered in the paper.  79 

For the sensitivity to the radar reflectivity factor observation error, it is important to note that this 80 

error is used when computing the relative humidity pseudo profiles and not in RAMS-3DVar, where 81 

the NMC method (Parrish and Derber, 1992) is used. Because the model missed the event, the 82 

assimilation of radar reflectivity factor caused a model wetting. This humidity, however, is mainly 83 

added for the following reason: RAMS@ISAC doesn’t simulate any reflectivity factor while the radars 84 

show positive values of reflectivity factor (for example most of the relative humidity added over 85 

central Italy and over Sardinia is produced by this occurrence). When this happens, the model is 86 

saturated above the LCL where the observed reflectivity factor is greater than zero and the error of 87 

radar observations is not used (the error of radar reflectivity factor is used for computing pseudo-88 

profiles, which are used when the background provides already a good forecast of reflectivity 89 

factor). Although the error of radar reflectivity factor observations is important and a too small value 90 

could make the method too sensitive to radar observation, especially when combined with a pure 91 

sampling of the radar data as in our setting, this problem is less important for the case studies 92 

considered in this paper because they are missed by RAMS@ISAC. 93 



The shape of the area used for computing relative humidity pseudo-profiles for the radar data 94 

assimilation is a square in this paper, according to Caumont et al. (2010). However, a circle is also a 95 

good choice because it considers grid points equidistant from the centre along the circumference. 96 

The impact of this geometry, however, is expected negligible because pseudo profiles are less 97 

important in the data assimilation of the cases considered in this paper, as explained above. 98 

Figure S3 shows the precipitation forecast between 06 and 09 UTC on 10 September 2017 by the 99 

VSF assimilating radar with the default setting (RAD), by the VSF assimilating radar reflectivity factor 100 

with and error increased by 5 compared to the RAD simulation (in this case the radar reflectivity 101 

factor error varies between 5dBz and 15 dBz), and by the VSF using a circle with 50 km diameter for 102 

computing relative humidity pseudo-profiles (CIRC). There are small differences at the local scale 103 

but the precipitation VSF are very similar. The POD and ETS scores computed for the ten VSF of the 104 

Livorno case (Figure S4) confirm this result. Differences among RAD, RAD5 and CIRC are very small 105 

and increasing the radar reflectivity factor error or changing the shape of the area used for 106 

computing relative humidity pseudo-profiles has a minor impact on the rainfall VSF for the Livorno 107 

case study. 108 

 109 

S5 Sensitivity to model formulation 110 

In this section, we study the sensitivity of the rainfall VSF for the Livorno case to two aspects of the 111 

model formulation: a) updating initial (IC) and boundary conditions (BC) (RLAA simulation); b) 112 

increasing the number of vertical levels from 36 to 42 (simulations CTRL42 and ANL42).  113 

The RLAA simulation uses updated IC/BC that assimilates new data as they become available. IC and 114 

BC for the R4 domain are interpolated from the output of R10 domain, and, in order to update IC 115 

and BC, analyses are done for the R10 domain.  116 

These analyses assimilate radar reflectivity factor every one-hour by RAMS-3DVar and lightning by 117 

nudging, similarly to R4 domain. The background error matrix for the RAMS-3DVar for the R10 118 

domain is obtained applying the NMC method to the HyMeX-SOP1 period.  119 

Ten VSF are run with R10. Each VSF lasts 9h and data assimilation is performed for the first six-hours. 120 

Those VSF are used to create IC/BC for the RLAA simulations. 121 

The impact of updating IC and BC for the R4 VSF is expected to be small for the setting of this paper. 122 

The impact of BC is presumed low because radar and lightning observations are inside the R4 123 

domain. 124 



The impact of updating IC is also expected to be low because even if IC are substantially changed by 125 

the radar reflectivity factor data assimilation over the R10 domain, when the VSF starts on R4 an 126 

analysis is made assimilating radar reflectivity factor on R4 domain. So, if the IC for this VSF forecast 127 

on R4 are interpolated from the R10 background (setting of the paper) the innovations given by the 128 

analysis over the R4 at initial time are large; if IC are interpolated from an R10 analysis (RLAA 129 

setting), the innovations of the first analysis over the R4 domain are small, because IC already take 130 

into account for the radar reflectivity factor data assimilation. However, the final result is similar in 131 

both cases. 132 

These considerations are confirmed by the results for the Livorno case. In particular, POD and ETS 133 

for the RLAA simulation are similar to those of RADLI forecast (Figure S5). POD for RLAA has slightly 134 

better performance (2-3%) compared to RADLI for specific thresholds, showing a positive impact of 135 

updating IC/BC as new data become available, nevertheless the impact is small and a detailed study, 136 

considering more cases, is needed to draw conclusions about this improvement.   137 

It is important to note, however, that if the observations are close to the edge of the domain or 138 

cross the domain, the impact of BC is expected to be more important than that found in this paper. 139 

To show the sensitivity of the results to the number of vertical levels we consider the simulation of 140 

the Livorno case using RAMS@ISAC with 42 levels (hereafter R_42) instead of 36 levels (R_36). This 141 

choice is motivated by the fact that RAMS@ISAC with 42 levels will be operational starting from 142 

September 2019. R_42 has a higher vertical resolution than R_36. The complete list of levels used 143 

in R_36 and R_42 is reported in Table S2.  144 

We simulated the Livorno case using R_42 assimilating lightning and radar reflectivity factor data 145 

(ANL42). This experiment needed a control run using R_42 (CTRL42). 146 

It is important to note that the background error matrix for RAMS@ISAC with 42 levels was 147 

interpolated/extrapolated from that of RAMS@ISAC with 36 levels (the application of the NMC 148 

method would require the simulation of the entire HyMeX-SOP1 period using R_42). While we 149 

believe that this choice is reasonable for this experiment, it could result in non-optimal adjustments 150 

given by RAMS-3DVar. 151 

Figure S6a and S6b show, respectively, the rainfall VSF for CTRL and CTRL42 between 06 and 09 UTC 152 

on 10 September 2017, when the storm was active mainly over Lazio (Section 4.2.2 of the paper). 153 

The increasing of the number of levels did not result in an improvement of the precipitation forecast 154 

over Lazio. There are, however, differences at the local scale especially over Tuscany and NE of Italy. 155 

It is also notable the higher rainfall between Corsica and Italian peninsula for CTRL42. This feature 156 



is systematic for all VSF of the Livorno case and it is likely caused by a better representation of the 157 

interaction between the air-masses and the complex orography of Corsica in R_42. Figure S6c and 158 

S6d show the rainfall VSF between 06 and 09 UTC given by RADLI and ANL42. Differences between 159 

the two forecasts are small and at the local scale. 160 

POD and ETS scores for R_42 considering the ten VSF of the Livorno case over the R4 domain are 161 

shown in Figure S5 for both CTRL42 and ANL42. The POD of CTRL42 is higher than that of CTRL but 162 

the improvement is small (2-3%). The POD of ANL42 is slightly worse than that of RADLI. Difference 163 

between RADLI and ANL42 could be the result of the specific case considered or a consequence of 164 

the non-optimal setting of RAMS-3DVar for ANL42. 165 

The results for ETS score, which penalizes false alarms, show less differences between R_36 and 166 

R_42 settings. 167 

Thus, the results of the experiment using 42 vertical levels in RAMS@ISAC are similar to those using 168 

36 levels and show again the crucial role of lightning and radar reflectivity factor data assimilation 169 

for the successful forecast of the Livorno case. 170 

 171 

S6 A well predicted case study 172 

In this section, we show the impact of data assimilation for a case well predicted by the CTRL 173 

simulation, without lightning or radar reflectivity factor data assimilation. To keep the discussion 174 

concise, we limit the analysis to lightning data assimilation.  175 

The case study occurred on 5 November 2017 and was chosen because it is similar to Serano and 176 

Livorno from a synoptic perspective. In particular, the storm was caused by a trough extending from 177 

northern Europe towards the Mediterranean. The interaction between the trough and the Alpine 178 

orography caused a low pressure over the Gulf of Genova (not shown). The storm propagated 179 

towards SE and, in these conditions, humid and unstable air masses were advected from the 180 

Tyrrhenian Sea towards the Italian mainland. 181 

The convection developed over the Tyrrhenian Sea and over the Italian peninsula (especially on its 182 

western side), as shown by the lightning density observation on this day (Figure S7): more than 183 

100.000 flashes were detected for this intense event. Moderate to heavy rainfall occurred in several 184 

parts of Italy. In particular, between 12 and 15 UTC intense precipitation fell around Rome (Figure 185 

S8a) with values greater than 50 mm/3h reported by several raingauges. Some areas of the city were 186 

flooded, and problems occurred in local transportation system in outdoor activities.  187 



The intense precipitation over Rome was well predicted by the VSF of the CTRL forecast (Figure S8b), 188 

even if there is a shift to the north of the precipitation pattern (15-20 km). The intense precipitation 189 

over NE of Italy and the rainfall over Liguria and Tuscany were also well predicted. 190 

Figure S8c shows the rainfall VSF for LIGHT simulation. The VSF follows a 6 h assimilation phase (6-191 

12 UTC for this specific VSF), when more than 34000 flashes are assimilated in RAMS@ISAC 192 

following the method of Fierro et al. (2012). LIGHT rainfall VSF is similar to CTRL and lightning data 193 

assimilation has a lower impact on the rainfall VSF compared to Livorno or Serano case studies. Of 194 

course, considering the high number of assimilated lightning, there are differences between CTRL 195 

and LIGHT rainfall VSF, but they do not change substantially the forecast given by CTRL. Rainfall 196 

simulated by LIGHT is shifted to the south (15-20 km) compared to CTRL, in better agreement with 197 

observations. However, LIGHT VSF overestimates the area of intense precipitation (>30-40 mm/3h).  198 

To discuss more in detail the lower impact of lightning data assimilation for the 5 November case 199 

study compared to Serano and Livorno, we consider the vertical cross section of relative humidity 200 

at 42°N (Figure S9a) and at the end of the assimilation phase (12 UTC). The vertical section shows 201 

very humid layers (relative humidity >92.5%). One of these layers is over the Tyrrhenian Sea (11 °E 202 

-12.5 °E). Considering that 0 °C and -25 °C isotherms heights are about 2500 m and 7000 m, it is 203 

expected a low impact of lightning data assimilation for this layer. This is confirmed by Figure S9b, 204 

which shows the same cross section of Figure S9a for LIGHT simulation. The humid layer over the 205 

Tyrrhenian Sea is slightly wider for LIGHT, but differences are overall small. The analyses of other 206 

fields, as the averaged specific humidity between 3 and 10 km, also show the low impact of lightning 207 

data assimilation for this VSF. 208 

In conclusion, the analysis of the 5 November 2017 event, shows that the impact of lightning data 209 

assimilation is much lower when the CTRL VSF has a good performance. Interestingly, lightning data 210 

assimilation improves the rainfall forecast at the local scale even for well predicted events, while 211 

overestimates the precipitation. This is the main drawback of lightning data assimilation in 212 

RAMS@ISAC. 213 

 214 

S7 New plots 215 

Figures S10-S12 show a different representation of the Figures 15-17 of the paper. In particular, we 216 

show the rainfall predicted by RAMS@ISAC for the three VSF considered in the paper interpolated 217 

at the stations’ positions. From Figure S12, in particular, the overestimation of the precipitation field 218 

given by both RAD and RADLI is apparent (see also Section 4.2.2 in the paper). 219 



 220 

S8 Forward radar operator 221 

In the method of Caumont et al. (2010) there is the need to simulate reflectivity factor (in dBz) from 222 

the model output. To compute the reflectivity factor we use the forward operator of Stoelinga  used 223 

in the RIP (Read/Interpolate/Plot) software of WRF (https://dtcenter.org/wrf-224 

nmm/users/OnLineTutorial/NMM/RIP/index.php, last access 03 March 2019).  225 

The software assumes Rayleigh scattering regime (at C-band this assumption can be considered as 226 

valid for light to moderate rain) and includes the contribution of rain, snow and graupel. Particles 227 

are assumed spherical with constant density (rr =rl=1000 kg/m3; rs=100 kg/m3; rg =400 kg/m3; r 228 

stands for rain, l for liquid, s for snow and g for graupel). 229 

The size distribution of the hydrometeors follows an exponential distribution given by: 230 

                                                                (S1) 231 

Where N0 is constant for each hydrometeor (N0r=8x106 m-4,N0s=2x107 m-4,N0g=4x106 m-4). 232 

Using these assumptions, the reflectivity factor for rain Zer, which is the sixth moment of the size 233 

distribution, is given by: 234 

                                                             (S2) 235 

where G  is the gamma function. The shape factor l depends on the simulated mixing ratio (qr) and 236 

it is given by: 237 

                                                            (S3) 238 

where ra is the density of dry air. 239 

In the case of snow, the reflectivity factor Zes is given by: 240 

                                                 (S4) 241 

where a=0.224. The reflectivity factor for graupel is the same as (S4) with N0g replacing N0s, and rg 242 

replacing rs . Since the reflectivity factor, when expressed in mm6/m3, is an additive quantity, the 243 

contributions of rain, snow, and graupel can be added to obtain the reflectivity factor: 244 

Zetot=Zer+Zeg+Zes 245 

and in dBz is given by: 246 

Ze(dBz)=10 log(Zetot (in mm6m-3)) 247 

 248 

S.9 Conclusions 249 



The analysis of the evolution of the total water mass shows that flashes add less water vapour to 250 

the VSF than radar reflectivity factor data assimilation. This, however, even if in agreement with 251 

other studies (Fierro et al., 2016) could be a result of the specific case studies. 252 

The sensitivity of the rainfall VSF to the nudging formulation for lightning data assimilation shows 253 

that reducing the amount of water vapour added to RAMS@ISAC compared to the default set-up 254 

has a worse impact on ETS and POD. Nevertheless, assuming saturation (SAT) for grid points where 255 

lightning is observed gave mixed results. Spurious convection was generated in the SAT 256 

configuration, which decreased the performance of the model for thresholds larger than 34 mm/3h. 257 

A method proposed by Fierro et al. (2012) and used in Lynn et al. (2015) could be used in future 258 

implementations of the nudging scheme to suppress spurious convection. 259 

Increasing the radar reflectivity factor error (RAD5) or changing the shape of the area used to 260 

compute pseudo-profiles (CIRC) had a minor impact on the rainfall VSF. Furthermore, updating 261 

IC/BC as new data are available (RLAA) and increasing the number of vertical levels in RAMS@ISAC 262 

(CTRL42, ANL42) gave minor changes to the rainfall VSF. Therefore, the sensitivity tests generalize 263 

the findings of the paper.  264 

Finally, the results for a case study well predicted by the background show a limited impact of 265 

lightning data assimilation. 266 

 267 
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 289 

Table S1: Simulations considered in this supplement material. 290 

Experiment Description Data assimilated Model variable 

impacted 

Note 

CTRL Control run  None None / 

RAD RADAR data 

assimilation 

Reflectivity factor 

CAPPI (RAMS-

3DVar)  

Water vapour 

mixing ratio 

/ 

LIGHT Lightning data 

assimilation 

(A=0.86; B=0.15 in 

Eqn (1)) 

Lightning density 

(nudging) 

Water vapour 

mixing ratio 

/ 

RADLI RADAR + lightning 

data assimilation 

(A=0.86; B=0.15 in 

Eqn (1)) 

Reflectivity factor 

CAPPI (RAMS-

3DVar) + Lightning 

density (nudging) 

Water vapour 

mixing ratio 

/ 

A_76  Lightning data 

assimilation 

(A=0.76; B=0.25 in 

Eqn (1)) 

Lightning density 

(nudging) 

Water vapour 

mixing ratio 

/ 

SAT Lightning data 

assimilation 

(A=1.01; B=0. in 

Eqn (1)) 

Lightning density 

(nudging) 

Water vapour 

mixing ratio 

/ 

RAD5 RADAR data 

assimilation.  

Reflectivity factor 

CAPPI (RAMS-

3DVar)  

Water vapour 

mixing ratio  

As RAD 

simulation 

but with the 



error of radar 

reflectivity 

factor 

increased by 

5. 

CIRC RADAR data 

assimilation  

Reflectivity factor 

CAPPI (RAMS-

3DVar)  

Water vapour 

mixing ratio  

As RAD but 

with a circular 

shape to 

compute 

relative 

humidity 

pseudo-

profiles 

RLAA RADAR + lightning 

data assimilation 

(A=0.86; B=0.15 in 

Eqn (1)).  

Reflectivity factor 

CAPPI (RAMS-

3DVar) + Lightning 

density (nudging) 

Water vapour 

mixing ratio 

As RADLI but 

with updated 

IC/BC as new 

data are 

available 

CTRL42 Control run  None None As CTRL 

simulation 

but using 42 

vertical levels 

ANL42 RADAR + lightning 

data assimilation 

(A=0.86; B=0.15 in 

Eqn (1)) 

Reflectivity factor 

CAPPI (RAMS-

3DVar) + Lightning 

density (nudging) 

Water vapour 

mixing ratio 

As RADLI 

simulation 

but using 42 

vertical levels 

 291 

Table S2: Vertical levels of RAMS@ISAC with 36 levels (default setting, R_36) and RAMS@ISAC with 292 

42 levels (R_42). 293 

 294 

RAMS@ISAC CONFIGURATION LEVEL (m) 



R_36  0, 50, 108, 174, 250, 337, 438, 553, 686, 839, 

1015, 1217, 1450, 1718, 2025, 2379, 2786, 

3254, 3792, 4411, 5122, 5941, 6882, 7964, 

9164, 10364, 11563, 12764, 13964, 15164, 

16364, 17564, 18764, 19964, 21164, 22364 

R_42 0, 50, 106, 167, 235, 311, 396, 489, 593, 708, 

836, 978, 1136, 1311, 1505, 1720, 1959, 2225, 

2520, 2847, 3210, 3613, 4061, 4557, 5109, 

5721, 6400, 7154, 7991, 8920, 9951, 1096, 

12296, 13496, 14696, 15896, 17096, 18296, 

19496, 20696, 21896, 23096 

 295 

 296 

 297 

 298 

 299 

 300 

a)                                                                            301 

 302 

 303 

b) 304 



                305 

Figure S1: a) Evolution of accumulated precipitation for different model configurations and for all 306 
forecast hours; b) as in a) for the hydrometeors plus water vapour mass per unit area. All quantities 307 
are expressed in [mm] and are averaged over the number of grid columns. 308 
 309 
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a) 313 

 314 

b) 315 

 316 



                   317 

Figure S2: a) ETS score for all VSF considered in this paper; b) as in a) for the POD score. Scores are 318 
computed for the R4 domain considering all VSF for Livorno and Serano cases. Scores are computed 319 
for the nearest neighbourhood and for the thresholds: 1mm/3h, 2mm/3h and then every 2 mm/3h 320 
up to 60 mm/3h. 321 
 322 
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c) 381 

 382 
 383 
Figure S3: a) rainfall VSF between 06 and 09 UTC on 10 September for RAD; b) as in a) for RAD5; c) 384 
as in a) for CIRC. 385 
 386 
 387 

 388 
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 398 

 399 

a)     400 



b)  401 

           402 

Figure S4: a) POD score for Livorno; b) as in a) for ETS score. CTRL is the control simulation, RAD is the 403 
simulation assimilating radar reflectivity factor, RAD5 is the simulation with a reflectivity factor error five 404 
times that of RAD; CIRC is the simulation using a circle for computing relative humidity pseudo-profiles. 405 
Scores are computed for the R4 domain considering the ten VSF of the Livorno case. Scores are computed 406 
for the nearest neighbourhood and for the threshold of: 1mm/3h, 2mm/3h and then every 2 mm/3h up 407 
to 60 mm/3h, considering the R4 domain and the ten VSF of the Livorno case. 408 
 409 
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Figure S5: a) POD score for Livorno; b) as in a) for the ETS score. CTRL is the control simulation, RLAA 414 
is the simulations with updated IC/BC, CTRL42 is the control simulation using 42 model vertical level, 415 
ANL42 is the simulation assimilating radar reflectivity factor and lightning and using 42 model vertical 416 
levels. Scores are computed for R4 domain considering all the ten VSF of the Livorno case. Scores are 417 
computed for the nearest neighbourhood and for the thresholds: 1mm/3h, 2mm/3h and then every 2 418 
mm/3h up to 60 mm/3h. 419 
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 433 

Figure S6: rainfall VSF between 06 and 09 UTC on 10 September for CTRL; b) as in a) for CTRL42; c) as in 434 
a) for RADLI; d) as in a) for ANL42. 435 
 436 



 437 
Figure S7: a) Lightning density (lightning number per 16 km2 for the whole day) recorded on 05 November 438 
2017. The total number of flashes is shown in the title.  439 
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Figure S8: a) rainfall reported by raingauges between 12 and 15 UTC on 5 November 2017. Only stations 451 
reporting at least 0.2 mm/3h are shown. The first number in the title within brackets represents the number 452 
of raingauges available over the domain, while the second number shows those observing at least 0.2 453 
mm/3h; b) rainfall VSF of CTRL for the same time interval as in a); c) as in b) for LIGHT forecast. 454 
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 472 

Figure S9: a) Relative humidity longitude-height cross-section at 42°N and at the end of the assimilation 473 
period (12 UTC on 5 November 2017) for the CTRL simulation; b) as in a) for LIGHT simulation. Only longitudes 474 
between 5 E and 17 E and altitudes between 0 km and 10 km are shown for clarity. 475 
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Figure S10: a) rainfall reported by raingauges between 03 and 06 UTC on 16 September 2017. Only raingauges 507 
observing at least 0.2 mm/3h are shown. The first number in the title within brackets represents the available 508 



raingauges, while the second number represents those observing at least 0.2 mm/3h; b) as in a) for CTRL 509 
forecast; c) as in a) for RAD forecast; d) as in a) for LIGHT forecast; e) as in a) for RADLI forecast. 510 
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 533 
Figure S11: a) rainfall reported by raingauges between 00 and 03 UTC on 10 September 2017. Only stations 534 
reporting at least 0.2 mm/3h are shown. The first number in the title within brackets represents the number of 535 
raingauges available over the domain, while the second number shows those observing at least 0.2 mm/3h; b) 536 
as in a) for CTRL forecast; c) as in a) for RAD forecast; d) as in a) for LIGHT forecast; e) as in a) for RADLI 537 
forecast.  538 
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 574 
Figure S12: a) rainfall reported by raingauges between 06 and 09 UTC on 10 September 2017. For this time 575 
period 2695 raingauges reported valid observations in the domain, however only stations reporting at least 0.2 576 
mm/3h are shown. The first number in the title within brackets represents the number of raingauges available 577 
over the domain, while the second number shows those observing at least 0.2 mm/3h; b) as in a) for CTRL 578 
forecast; c) as in a) for RAD forecast; d) as in a) for LIGHT forecast; g) as in a) for RADLI forecast. 579 
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