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SINOPTICA
SATELLITE-BORNE AND IN-SITU OBSERVATIONS TO PREDICT THE INITIATION OF
CONVECTION FOR ATM
This Report about results validation (D5.3) is part of a project that has received funding from the SESAR
Joint Undertaking under grant agreement No 892362 under European Union’s Horizon 2020 research
and innovation programme.

Abstract
In the framework of the SINOPTICA project, four different severe events (described in D5.1) are
selected to explore the untapped potential of assimilating remote sensing and in situ observational
data in cycling mode. The results of applying two different nowcasting models, PhaSt and RaNDeVIL,
over these cases are presented. The cases were selected considering the occurrence of severe weather
(hail, strong convective winds, intense precipitation) over/or in the vicinity of one or more Italian
airports (as it is described on D5.1). All those cases produced affectations in air traffic operations.
Furthermore, the WRF model with data assimilation of different observational data is tested. Finally,
the results for the SINOPTICA opportunity, namely the Rapid Update Cycle nowcasting WRF with
reflectivity and lightning data assimilation for the Malpensa case study, are presented.
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1 Introduction
This deliverable first presents the results of the PhaSt (PHase stochAStic) nowcasting experiments for
the severe events selected in the framework of the SINOPTICA project (further details in D5.1).
Afterwards the RaNDeVIL nowcasting algorithm is tested for the same study cases.
The four case studies are the following:
•
Milano Malpensa airport, 11 May 2019: squall line hitting the airport between 14-15UTC, hail,
8 planes diverted to other airports;
•
Venice Marco Polo airport, 7 July 2019: general instability with two different thunderstorms
affecting the airport at 13UTC and 16UTC, strong wind gusts and 8 planes diverted;
•
Bergamo Orio al Serio airport, 6 August 2019: high atmospheric instability with thunderstorms
and hail hitting the airport around 19UTC, 7 planes diverted to other airports;
•
Palermo Punta Raisi airport, 15 July 2020: unstable conditions in the area, with a selfregenerating cell hitting the city of Palermo, nearby the airport, between 17-18UTC. The airport was
not hit directly. It has to be pointed out that the closest radar was blind for the most of day because
of malfunction (from 6UTC until to the end of the day), so the nowcasting experiments cannot be
performed over this study case.
Subsequently the document discusses the results of a set of experiments, about the assimilation in the
Weather Research and Forecasting (WRF) model [1], of GNSS measurements, weather stations, radar
reflectivity and lightning data. The objective is to verify whether the data assimilation improves the
prediction of extreme weather events to the benefit of Air Traffic Management (ATM) and Air traffic
control (ATC) operations.

1.1 Acronyms and Terminology
Acronym

Description

AMAN

Arrival MANagement

ATC

Air traffic control

ATM

Air Traffic Management

BGY

Milano Bergamo airport

CAPPI

Constant Altitude Plane Position Indicator

DVIL

VIL Density

ETM

Echo top

GNSS

Global Navigation Satellite System

MODE

Method for Object-Based Diagnostic Evaluation

MXP

Milano Malpensa airport

RaNDeVIL

Radar Nowcasting Density VIL

RDR

Weather radar
8
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RO

Radio Occultation

RUC

Rapid Update Cycle

SRI

Surface Rainfall Intensity

VCE

Venice Marco Polo Airport

VIL

Vertically Integrated Liquid

VMI

Vertical Maximum Intensity

WRF

Weather Research and Forecasting Model

ZTD

Zenith Total Delay

9
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2 PhaSt experiments
This approach is used operationally at CIMA for the hydrological chain but is it possible to apply this
technique to the fields of interest for Air Traffic Management (ATM). Since the hypothesis discussed
in [2], [3], is the slow variation of energy (power spectrum) in time, we investigated the change in the
spectra distribution of other radar products compared to the Surface Rainfall Intensity (SRI) which is
used in PhaSt:
• Vertical Integrated Liquid (VIL)
• Vertical Integrated Liquid Density defined as DVIL=VIL/ETM where ETM is the Echo Top, the hight (in
m) where the signal is 20 dBZ
• Vertical Maximum Intensity (VMI)
Using the case of Malpensa as an example, for each variable (SRI, VMI, VIL, VIL/ETM), for each couple
of radar images separated by a given time interval ∆, in a certain time interval, the normalized absolute
difference between their spectra, averaged over the entire domain has been calculated:
<|S(t+Δ) - S(t)|>/Σ S(t) (eq. 1)
The considered time interval was 1300UTC to 1700UTC, because it includes the time in which the squall
line affected the airport of Malpensa. Looking at the results of the comparison, VMI, VIL density and
VIL show very small variations in the energy spectrum in different time intervals, as SRI (Figure 1). This
makes them suitable for the application of the algorithm developed in CIMA for the extrapolation of
the structures evolution (PhaSt).

10
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Figure 1: differences in the spectra of SRI, VIL, VIM, DVIL=VIL/ETM using different Δ (eq. 1) for Malpensa case.
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Figure 2: different nowcasting approaches tested in the Malpensa case study: single forecast window up to 1
hour (top); update every 10 minutes (middle); update every 20 minutes (bottom).

For a better evaluation of the validity of the nowcasting procedure, different approaches were tested
for the Malpensa case study, considering the time window 14:30-15:30UTC, when the thunderstorm
hit the airport:
•
•

nowcasting V1: using radar data at 14:25 and 14:30UTC, PhaSt gives a forecast every 5 minutes
for 1 hour interval (Figure 2 top)
nowcasting V2: using radar data at 14:25 and 14:30UTC, PhaSt gives a forecast every 5 minutes
for 10 minutes interval, then is restarted with the 14:35 and 14:40UTC observations up to 1
hour (Figure 2 middle)
12
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•

nowcasting V3: using radar data at 14:25 and 14:30UTC, PhaSt gives a forecast every 5 minutes
for 20 minutes interval, then is restarted with the 14:45 and 14:50UTC observations up to 1
hour (Figure 2 bottom).

The update of the information is applied in a sort of Rapid Update Cycle (RUC), like the approach used
for certain weather forecast model. To judge the quality of the approach, the correlation between the
observation and the nowcast fields has been checked. It must be pointed out that the output of PhaSt
is an ensemble of 10 scenarios, but for the sake of the project, a deterministic output is needed.
Therefore, the ensemble max, the ensemble mean and the 75th percentile have been used for the
comparison. Figure 3 shows the results: in the first case (Figure 3 top-left) the correlation decreases
rapidly from 0.8 to 0.3 and the ensemble max has a slightly worse performance. In the second approach
(Figure 3 top-right), the correlation is almost constant around 0.8 and there is no significant difference
among the ensemble members. Eventually, in the V3 nowcasting (Figure 3 bottom), the correlation
spans between 0.6 and 0.8, following the update cycle and again there is no significant difference
among the ensemble members.

Figure 3: correlation coefficients for the different nowcasting approaches and for different ensemble
members.

Also, the quality of the ensemble produced by the nowcasting algorithm has been verified for the
Malpensa case study. The Continuous Ranked Probability Score (CRPS) is plotted in Figure 4. CRPS is in
a sense just the mean square error (MSE) of the predicted cumulative density function (CDF) and the
true CDF. The CRPS generalizes the MAE (Mean Absolute Error) to the case of probabilistic forecasts.
The CPRS is one of the most widely used accuracy metrics where probabilistic forecasts are involved.
Considering that the perfect score is 0, it can be highlighted that the restart every 10 minutes (NOW
V2) gives the best results and, on the contrary, the NOW V1 is the worst.
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Figure 4: CRPS of the ensemble for the Malpensa case study.

Experiment

Centroid
distance
[km]

Area ratio

Intersection
area [km2]

Total interest

10 min

4.65

0.82

436.25

0.995

60 min

15

0.495

96.25

0.795

Table 1: comparison between a 60 min forecast and the restart every 10 minutes.

Another way to compare the quality of the approaches, is to check the properties of the cell clusters
(observed and forecasted) with some MODE indices. The Centroid distance should be as small as
possible, the Area ratio should be 1 ideally and the Intersection area should be as large as possible.
Eventually, the Total Interest is a summary index which considers all the others in the MODE analysis
and spans from 0 to 1 (the higher the better). All the values reported in Table 1 are in favour of the 10
minutes restart approach, with respect to a full forecast of 1 hour.
After this analysis, it was decided to apply the approach named NOW V2 (restart of PhaSt every 10
minutes) to all the case studies.

14
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3 RaNDeVIL experiments
Another nowcasting method has been tested for the same study cases selected in SINOPTICA.
RaNDeVIL is a purely radar based nowcasting algorithm and, as it is described on the Deliverable D5.2,
it works with the derived radar product of the Density of the Vertical Integrated Liquid (DVIL). This
product allows describing the convective storms with a single 2D product without completely giving
up on the vertical information provided by the radar and with less season variability than working only
with VIL radar product [4]. Every 5 min, an updated RaNDeVIL nowcast is obtained for different
horizons, providing the position of the centroid of each thunderstorm for the next 5-, 10-, 15-, 20-, 25and 30-min. The native spatial resolution RaNDeVIL is the same than the one from the weather radar
products (in the case of the Italian Radar Mosaic, of about 1km2), but it has been upscaled to about 2.5
km2 (0.023° longitude and 0.025° latitude) in agreement with all the SINOPTICA experiments for the
cases of study. To evaluate this nowcasting algorithm, the correlation coefficient between the
forecasted position of the thunderstorms cluster and the observation has been computed, and the
MODE software has been applied for each one of the study cases. The correlation coefficient has been
calculated pixel by pixel with the above-mentioned spatial resolution for a region surrounding the
airport of Malpensa (extended region from longitudes 7° to 10° and latitudes 45° to 47°). The CRPS
score has not been calculated for RaNDeVIL nowcasting algorithm since it is an evaluation index for
probabilistic forecasts. As this algorithm is deterministic, with a single output forecast, it cannot be
applied.
The correlation coefficient for the Malpensa case (11/05/2019) with RaNDeVIL results is shown in
Figure 5, where the x coordinate represents the launching time of the nowcasting algorithm. Each one
of the colour lines show the correlation for a single time horizon of the nowcasting. For instance, the
first data point of the orange line, represent the result of the first nowcast (launched at 14:30) for a
10-minute horizon (14:40). Observing the Figure 5, it can be appreciated how the correlation
coefficient rapidly decay when the forecasting horizon increases.
With the aim of obtaining comparable results with PhaSt, Figure 6 represents the correlation
coefficient for RaNDeVIL outputs in Malpensa case that are going to be used for the MODE validation:
using radar data at 14:25 and 14:30UTC, RaNDeVIL gives the first forecast, at 14:30, for the next 5 and
10 minutes; then adding radar observations from 14:35 and 14:40UTC, at 14:40 we obtain the second
nowcasting for the next 5 and 10 minutes, and it keeps going like this until 15:30. This is to obtain an
analogous approach to PhaSt NOW V2, explained on the previous section, with RaNDeVIL nowcasting
algorithm.

15
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Figure 5: Correlation coefficient computed for RaNDeVIL algorithm in the study case of Malpensa from 14:30
to 15:30UTC.
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Figure 6: Correlation coefficient using only the RaNDeVIL outputs described for NOW V2 nowcasting
approach from 14:35 (first nowcasting result for a 5min horizon) to 15:30

On Table 2 the MODE indices are shown for the RaNDeVIL forecast in Malpensa study case with the
analogous approach to PhaSt NOW V2. Overall, good scores are obtained for all the indices with a small
centroid distance, a god relation between the forecasted, observed and the intersected area, and area
ratio of 0.75 (maximum score is 1) and a total interest index very close to 1 (maximum score).
Experiment
(Malpensa)
RaNDeVIL

Centroid
distance
[km]
3.71

Area
ratio

Intersection area
[km2]

Total
interest

0.75

620.5

0.993

Table 2: cluster indices from MODE analysis for RaNDeVIL in Malpensa case for the analysed period. The
analogous nowcasting approach that PhaSt NOW V2 has been adopted in this analysis.
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4 WRF simulations
4.1 Design of experiments
Recently, a few studies showed a positive impact in terms of a quantitative precipitation forecast (QPF)
using WRF with the three-dimensional variational (3D-Var) method and ground radar reflectivity in the
United States as well as in Europe [5], [6],[7]. The benefits of assimilation of radar reflectivity are also
confirmed in Italy, for several flash flood events [8], [9] also adopting a cycling approach [10], [11]. As
a result, we have considered the simulation with radar reflectivity as benchmark for evaluating the
possible added benefits of assimilating remote sensing and in situ observational data.
In the framework of SINOPTICA project, five simulations are performed for each case study,
assimilating the data every 3h over a period of 6h. The radar reflectivity, namely the Constant Altitude
Plane Position Indicator (CAPPI) at 3, 4 and 5 km, acquired by the Italian radar network are considered,
in combination with the Zenith Total Delay (ZTD) and radio occultation (RO) bending-angle
observations, both from the ground-based Global Navigation Satellite System (GNSS) network (Figure
7b).
The reflectivity CAPPI gives a horizontal cross section of the data at constant altitude; it is a twodimensional areal representation extracted from three-dimensional radar volume scan data.
Moreover, a thinning is applied to the CAPPI reflectivity data to ensure uncorrelated observation errors
[12], [13] and to reduce the computational complexity.
Furthermore, an additional experiment is performed assimilating the radar reflectivity together with
in-situ weather stations, but only the temperature values (Figure 7a) are considered. Finally, an
experiment assimilating lightning over Italy with a nudging scheme and CAPPI of radar reflectivity by
3D-Var is considered. All data are only assimilated over the inner domain, with a spatial resolution of
2.5km. The initial and boundary conditions for the simulations are provided by the National Centres
for Environmental Prediction (NCEP) Global Forecast System (GFS) with a horizontal resolution of
0.25°x0.25°, and the boundary conditions are updated every 3h. The description of the experiments is
summarized in Table 3.
The performances of the numerical experiments are evaluated in terms of vertically integrated liquid
(VIL) water content. The variable represents the total amount of liquid water in a vertical column of
the atmosphere and can be considered a proxy for intense convective phenomena. Thus, a VIL
thresholds of 10 mm has been adopted for the statistical analysis. More specifically, two different
methods are used to evaluate the impact of data assimilation: a qualitative comparison and an objectbased approach. The first provides an eyeball verification between observed and forecasted VIL, while
the other identifies the object (or cluster) in the VIL fields and compare them using a fuzzy logic
algorithm. Both verification methods have been performed over a sub-region of the WRF inner domain
(2.5 km), covered by the extended arrival Manager (Extended AMAN).
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Experiment

Description

RDR

Assimilation of radar reflectivity

RDR+GNSS

Assimilation of radar reflectivity and ZTD data

RDR+RO

Assimilation of radar reflectivity and RO data

RDR+WS

Assimilation of radar reflectivity and in situ weather stations (temperature only)

RDR+Lig

Assimilation of radar reflectivity and lightning data
Table 3: A brief description of the numerical simulations performed.

a

b

Figure 7: Civil Protection Department weather stations (a) and GNSS-ZTD stations (b) assimilated into WRF
model.

4.1.1 Malpensa case: assimilated data
The reflectivity CAPPI have been assimilated from 06UTC to 12UTC every three hours, then the
simulations run for 6h in free forecast mode. The radar data play a key role in adjusting the initial
conditions considering the moderate precipitation in north-eastern Sardinia (Figure 8 a) and the early
convective cells in Po valley and central Italy (Figure 8 b and c). Moreover, around 2400 temperature
measurements from the weather stations (managed by Civil Protection Department) have been
assimilated every 3hours (Figure 7a), together with about 460 GNSS-ZTD observations (Figure 7b), both
useful to further improve temperature and water vapor fields at the initial time. Unfortunately, only
two GNSS-RO observations are assimilated in the RDR+RO experiment because most of stations are
outer the inner domain.
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Figure 8: Reflectivity CAPPI (dBZ) at 2 km above sea level assimilated into WRF model at 06UTC (a), 09UTC (b)
and 12UTC (c)

4.1.2 Bergamo case: assimilated data
The convection cell hit BGY between 18:30 and 19:30 UTC, thus the cycling assimilation has been
applied in the window from 12 to 18UTC, while the free-running simulations start at 18UTC. As in the
previous simulations, we have approximatively assimilated the same number of GNSS-ZTD and
weather stations about 2400 and 460, respectively. The CAPPI at 12UTC (Figure 9a) show light
precipitation in northern Corsica and southwestern Sardinia associated with a strong and wet southwesterly flow that carried a large amount of water vapor towards Italian peninsula. Later, the
convective instability intensifies, and some convective cells developed over the Ligurian sea (Figure 9
b, 15UTC) and in the north-eastern Italy (Figure 9c, 18UTC). The assimilation of radar data, together
with weather stations and GNSS-ZTD observations help to improve the initial conditions, especially in
terms of wind, temperature, and water vapour. On the other hand, the number of GNSS-RO is too
small to produce an impact in terms of precipitation, therefore the RDR+RO experiment has not been
included in the statistical analysis.
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Figure 9: Reflectivity CAPPI (dBZ) at 2 km above sea level assimilated into WRF model at 12UTC (a), 15UTC (b)
and 18UTC (c).

4.1.3 Venice case: assimilated data
The cycling assimilation has been performed every 3-hours from 06UTC to 12UTC, later 6h of free
forecasts. The reflectivity CAPPI at 06UTC show the early precipitation approaching the Liguria and
Piedmont region (Figure 10a), then the atmospheric instability increase, and several convective cells
start to develop in Central (Figure 10b) as well as in North-eastern Italy (Figure 10c). These data, in
combination with the GNSS-ZTD measurements and in situ weather stations, improves the estimation
of water vapor, temperature and wind fields, and as result the precipitation forecast. Unfortunately,
the GNSS-RO stations are few and their impact is negligible. For this reason, the RDR+RO has not been
considered for the statistical analysis.
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Figure 10: Reflectivity CAPPI (dBZ) at 2 km above sea level assimilated into WRF model at 06UTC (a), 09UTC (b)
and 12UTC (c).

4.1.4 Palermo case: assimilated data
The lack of weather radar coverage over the Sicily region offers a benchmark to investigate how this
absence can influence the landing and approach operations when a strong convective event is
developed near the airport. CAPPI radar have been assimilated at 06UTC, 09UTC and 12UTC, while the
simulation runs in free mode from 12UTC for 6 hours. The cycling assimilation captures the
intensification of precipitations offshore Sardinia at 06UTC (Figure 11a) and 09UTC (Figure 11b) and
the triggering of convective cells in Central Italy (Figure 11c) as well as the unstable impulse associated
with moderate and high reflectivity values in southwestern Sardinia moving towards Sicily which
produce the convective cell. Moreover, approximatively 2000 weather stations and about 400 GNSSZTD observations have been assimilated in RDR+GNSS and RDR_WS simulations in combination with
radar reflectivity, respectively. Also, for this case study, the RDR_RO simulation was not analysed due
to the small number of GNSS-RO measurements.
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Figure 11: Reflectivity CAPPI (dBZ) at 2 km above sea level assimilated into WRF model network at 06UTC (a),
09UTC (b) and 12UTC (c).
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5 Results for Malpensa case
5.1 PhaSt results
The time interval considered for the MODE analysis is 14:30-15:30UTC, when the squall line passed
over the airport. Looking at Figure 12, the precipitation is shifted because the measurement refers to
the Arconate station, about 15 km southwest of the airport, but that was the closest raingauge (data
courtesy of the Italian Civil Protection Department).

Figure 12: precipitation amount (mm) measured by the rain gauge station in Arconate (MI), where the red
curve shows the total rainfall depth (left axis), while the histograms refer to the 10 minutes rainfall depth
(right axis).

In Figure 13 we show the time evolution of the VIL objects defined by the MODE algorithm, observation
and forecast. A threshold of 10 km/m2 has been applied to select only the most intense cells. The
observed cell is the black line while the forecast cell is in shaded blue. The diagrams are every 5
minutes, and they refer to forecasts of 5 and 10 minutes, since PhaSt is restarted every 10 minutes as
explained in Section 2. The airport is indicated with a green square (MXP). Just for geographical
purposes, the cities of Torino (TO, black dot), Milano (MI, black square) and the Bergamo airport (BGY,
red square) are highlighted.
The squall line looks well defined and the correspondence between observed and forecasted cells is
quite good.
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Figure 13: object tracking with a threshold of 10 kg/m2 for VIL. The black contour line is the observed
structure, and the filled blue shape is the forecasted structure.

5.2 RaNDeVIL results
Figure 14 shows the comparison between observed thunderstorms and forecasted ones by RaNDeVIL,
using the approach explained at the end of Section 3 (Figure 6). The analyzed period is the same than
the one for Phast results (14:25 – 15:20UTC) and the same graphical configuration is used (black line
delimits all the pixels with DVIL > 1g/m3 calculated from radar observations, while blue areas show the
regions with nowcasted values of DVIL > 1g/m3). The Milano-Malpensa airport is labelled in the first
image as MXP with a green square, as other points that may help to contextualize the geographical
region (the Bergamo airport as BGY, red square, the city of Milano as MI, black square, and the Torino
city as TO, black dot. It can be observed how the nowcasted areas match inside the actual observed
ones, although they cover a minor extension.
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MI
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+5min

+5min

+10min
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Figure 14: Comparison between observed storms (black contours) and the forecast ones by RaNDeVIL (filled
blue shapes) for the Malpensa study case (11/05/2019). Both forecasted and observed fields are DVIL areas
over 1g/m3 threshold. The Milano-Malpensa airport is labelled in the first image as MXP (green square), the
Bergamo airport as BGY (red square), the city of Milano as MI (black square) and the Torino city as TO (black
dot).

5.3 WRF results
On 11 May 2019, a squall line hitting MXP producing a large quantity of hail and the diversion of 8
flights. A total of five experiments have been performed for this case study. Radar reflectivity has been
assimilated in combination with ZTD, RO, weather stations (only temperature) and lightning data,
respectively. The results are discussed in the sections below.

5.3.1 Qualitative comparison
To analyse the impacts of assimilation with several types of observations, we have compared the
maximum of observed VIL (Figure 15f), over the period 14:30UTC-15:30UTC, when the squall line
affected MXP, with the predicted VIL from the numerical simulations. The RDR experiment (Figure 15a)
misses the correct timing and localization of convective cell, in fact the peak of VIL occurred about 30
km East of Malpensa airport. The assimilation of ZTD and reflectivity (RDR+GNSS) improves the VIL
forecast in terms of intensity and moves the cell closer to the airport (Figure 15b). The RDR+RO shows
a similar behaviour (Figure 15c) compared to GNSS+ZTD, despite the small number of assimilated RO
stations. On the other hand, the simulation RDR+WS (Figure 15d) show a worsening of VIL forecast,
shifting the cell eastward in the middle of Po valley. However, we have assimilated the temperature
only, because for the humidity and wind data (speed and direction) a quality check is needed. Instead,
the assimilation with lighting data (Figure 15e) produces the best performance, improving the position
and intensity of the cell. This is the only simulation that shows high VIL values over the MXP, proving
the meaningful impact of the lightning data for this event. Conversely, the RDR+Lig produces a slight
overestimation of the rainfall in the eastern area of the airport.

a

b
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Figure 15: Maximum VIL (mm) calculated over the interval 14:30 UTC - 15:30 UTC from the simulations RDR
(a), RDR+GNSS (b), RDR+RO (c), RDR+WS (d), RDR+Lig (e) and observed (f).

5.3.2 Object based comparison
To strengthen the statistical analysis, we have also performed an object-based comparison considering
the maximum of VIL over the same interval (14:30 UTC-15:30 UTC). To this purpose, the MODE tool
has been used with a VIL threshold of 10 kg/m2. The quantitative results (attributes) are summarized
in Table 4, while a representation of the observed and forecasted objects for each experiment is
provided in Figure 16.
The RDR simulation anticipates the triggering of the squall line, in fact the forecasted object appears
few kilometres further east of that predicted (Figure 16a). In addition, the experiment shows a low
total interest value and a significant distance between the centroids (156 km). On the other hand, the
experiment with lightning data (RDR+Lig) corrects the timing of the cell, pointing out the benefits of
the lightning data assimilating. The simulation also shows the lowest value in terms of centroid
distance (54.8 km), so the best performance in the localization of the squall line (Figure 16e).
Moreover, the simulation overestimates the area affected by the convective phenomena (Figure 16e),
in fact the predicted object is larger than that observed, despite the high value in terms of intersection
area. The total interest also confirms the positive impact of lightning assimilation with a value of 0.91
compared to 0.80, 0.77 and 0.69 of RDR+GNSS, RDR+RO and RDR, respectively. The RDR+GNSS and
RDR+RO simulations, with ZTD and RO data respectively, improve the positioning of the cell compared
to the RDR, in fact the centroid distance decreases from 156 to 125.2 km when ZTD stations are
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assimilated (Figure 16b). Furthermore, the simulation with RDR+RO (Figure 16c), in face of a worsening
in the intersection area, still reduces the centroid distance up to 93.4 km. Finally, the RDR+WS
experiment (Figure 16d) produces a slight worsening both in centroid distance and interest, but
temperatures are only considered because a quality check is needed before assimilating humidity and
wind data.
Experiment

Centroid
distance
[km]

Observed
area [km2]

Forecast
area [km2]

Intersection
area [km2]

Total interest

RDR

156.0

5462.5

8387.5

0

0.69

RDR+GNSS

125.2

5462.5

12168.75

468.75

0.80

RDR+RO

93.4

5462.5

10631.25

225

0.77

RDR+WS

176.4

5462.5

9068.75

0

0.68

RDR+Lig

54.8

5462.5

21875

5137.5

0.91

Table 4: Spatial attributes calculated through MODE (10 kg/m2 VIL threshold) to evaluate the performance of
the numerical simulations for the Malpensa case study.
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Figure 16: Comparison between the observed (blue) and predicted (red) cluster objects identified by using a
VIL threshold of 10 kg/m2 for the simulations: RDR(a), RDR+GNSS(b), RDR+RO(c), RDR+WS(d) and RDR+Lig(e).

5.4 Main results
Both nowcasting algorithms PhaSt and RaNDeVIL showed very promising results for this event, in fact
the correspondence between observed and forecasted cells is quite good for both algorithms with
PhaSt one showing slightly better verification scores (to be confirmed after MODE assessment).
Conversely the WRF numerical simulations miss the correct timing and localization of squall line,
except the experiment RDR+Lig that corrects the timing of the cell, pointing out the benefits of the
lightning data assimilating.

29

5.3 REPORT ABOUT FORECAST SYSTEM DEMONSTRATOR RESULTS

6 Results for Bergamo case
6.1 PhaSt results
The Bergamo case study was a two-step event, because two different cells affected the area around
19UTC and 22UTC respectively (Figure 17). Nevertheless, only the first one hit the airport directly
causing the flights diversion. So, for the PhaSt analysis, only the interval 18-19:15UTC is shown (Figure
18).

Figure 17: precipitation amount (mm) measured by the rain gauge station in Bergamo, where the red curve
shows the total rainfall depth (left axis), while the histograms refer to the 10 minutes rainfall depth (right
axis).

The agreement between observation and forecast is again very good, although there is a major shift
between 18:40-18:50UTC. Probably, in that time interval, the predicted VIL of the structure close to
the airport weakened, dropping below 10 kg/m2 and “disappearing” from the plots. This case study
differs from the Malpensa case because here we face a sort of scattered convection, much more
difficult to forecast. In Malpensa we had a well-defined structure with a cold front and a squall line
formation. Nevertheless, from 18:55UTC the algorithm was able to restore the correct position and
intensity of the cells.
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Figure 18: object tracking with a threshold of 10 kg/m2 for VIL. The black contour line is the observed
structure, and the filled blue shape is the forecasted structure.
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6.2 RaNDeVIL results
Figure 19 shows the nowcasting results obtained with RaNDeVIL for the study case of Bergamo from
18:05UTC to 19:15UTC. The visual agreement between observed and forecasted regions exceeding the
1g/m3 DVIL threshold is good for almost all the time steps. In this case the convective storms are not
organized in a convective line. The spatial pattern of the nowcasted areas in general is in good agreement with the observed ones, but some small observed storms are not properly captured by the nowcasting procedure. This may be due changes on DVIL intensity between time steps that induce the
appearance of some not predicted convective storm areas with short lifetimes or to merging processes
that the algorithm is not able to reproduce.

MXP

BGY
MI
+5min

+10min

+5min

+10min

+5min

+10min

+5min

+10min

+5min

+10min

+5min

+10min

32

5.3 REPORT ABOUT FORECAST SYSTEM DEMONSTRATOR RESULTS

+5min

+10min

+5min

Figure 19: The same as in Figure 14 but for the Bergamo study case (06/08/2019). The Bergamo airport is
labelled in the first image as BGY (red cross).

6.3 WRF results
Strong atmospheric instability affected the entire Po valley, producing several convective cells during
the day, associated with hail and strong wind gusts. Seven planes were diverted to other airports
during the event. For this case study the RDR+RO experiment shows negligible difference in the
precipitation forecast compared to RDR because of the poor number of RO profiles, therefore it has
not been considered for the qualitative and object-based comparisons. The results of the numerical
experiments are presented in the sections below.

6.3.1 Qualitative comparison
The comparison has been performed considering the maximum VIL values between 18:30UTC and
19:30UTC, when the first convective cell, that caused the flight diversions, passed over the airport.
RDR simulation misses the triggering of convective cell over the airport (Figure 20a), compared to the
observed VIL (Figure 20e), and overestimates the rainfall on the western sector of the Po Valley. On
the other hand, the use of GNSS-ZTD shows a positive impact reducing the precipitation in the western
area of the airport (Figure 20b). Moreover, the RDR+GNSS is able to develop the convective cell over
BGY, despite the low VIL values. Instead, the simulation with in-situ weather stations shows the best
performance for this event, improving the positioning as well the intensity of convective cell (Figure
20c). Finally, RDR+Lig experiment with lightning data further improves the prediction in terms of
intensity (Figure 20d), showing a greater VIL value compared to RDR+WS, but overestimates the
number of convective cells that affected the Po valley.
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Figure 20: Maximum VIL (mm) calculated over the interval 18:30 UTC-19:30 UTC from the simulations RDR (a),
RDR+GNSS (b), RDR+WS (c), RDR+Lig (d) and observed (e).

6.3.2 Object based comparison
The results of the qualitative comparison (Figure 20) are quantitatively confirmed by the attributes
computed by MODE. The object-based comparison has been performed over the same interval from
18:30UTC to 19:30UTC, considering the maximum values of VIL. The spatial attributes are summarized
in Table 5, while the objects identified for each experiment are represented in Figure 21.
RDR experiment overestimates the area affected by strong precipitation: the predicted object (red
contour line) shows a larger size compared to that observed (blue contour line in Figure 21a), although
the intersection area is quite good. Conversely, the use of reflectivity data in combination with the ZTD
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or temperature improves the localization of the storm cells (Figure 21b), in fact the RDR+GNSS and
RDR+WS reaches a total interest of 0.95 and 0.96 respectively, compared to 0.92 of RDR. These results
are confirmed by the maps that show a good agreement between the observed and predicted cluster
both for RDR+GNSS (Figure 21b) and RDR+WS (Figure 21c). More specifically, a slight overestimation
occurs when the in-situ weather stations are used, but it is balanced by a greater intersection area
compared to RDR+GNSS. However, the centroid distance reduces from 50.25 km in RDR simulation to
18.9 km in RDR+WS and 20 km in RDR+GNSS respectively, confirming the positive impact of ZTD and
temperature data. On the other hand, the size of the object predicted by the experiment with lighting
data (RDR+Lig) exceed 39600 km2 with respect to 28481 km2 of RDR, suggesting an overestimation of
the precipitation in the study area (Figure 21d). Nevertheless, the experiment shows an interest value
of 0.91 thanks to the highest value in terms of intersection area (1070 grid units) compared to the
other experiments.
Experiment

Centroid
distance
[km]

Observed
area [km2]

Forecast
area [km2]

Intersection
area [km2]

Total interest

RDR

50.25

7556.25

28481.25

2981.25

0.92

RDR+GNSS

20

7556.25

13537.5

1862.5

0.96

RDR+WS

18.9

7556.25

16893.75

2331.25

0.95

RDR+Lig

74.8

7556.25

39643.75

6687.5

0.91

2

Table 5: Spatial attributes calculated through MODE (10 kg/m VIL threshold) to evaluate the performance of
the numerical simulations for the Bergamo case study.
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Figure 21: Comparison between the observed (blue) and predicted (red) cluster objects identified by using a
VIL threshold of 10 kg/m2 for the simulations: RDR (a), RDR+GNSS (b), RDR+WS (c) and RDR+Lig (d).

6.4 Main results
PhaSt algorithm shows again a good agreement between observation and forecast, although there is
a major shift between 18:40-18:50UTC. Probably, the convective cell weakened when passing the
airport, dropping below the VIL threshold value (10 kg/m2) and “disappearing” from the plots.
RaNDeVIL shows good overlapping of DVIL areas between the ones forecasted and observed, but still,
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some small storms appear undetected on the study period. On the other hand, the numerical
simulations fail to correctly predict the triggering of the convective cell over Bergamo Airport, because
it is a short-lived and highly localized phenomena. However, the RDR+GNSS, with GNSS data is able to
develop the convective cell, even though with low VIL values, while the assimilation of lightning
improves the forecast in terms of intensity.
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7 Results for Venice case
7.1 PhaSt results
Also in the Venezia case study, the city was hit by two cells, around 12-14UTC and 16-17UTC (Figure
22). The airport was more interested by the second one, so we show the results for the period 15:4516:55UTC

Figure 22: precipitation amount (mm) measured by the rain gauge station in Venice, where the red curve
shows the total rainfall depth (left axis), while the histograms refer to the 60 minutes rainfall depth (right
axis).
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Figure 23: object tracking with a threshold of 10 kg/m2 for VIL. The black contour line is the observed
structure, and the filled blue shape is the forecasted structure.

Here the PhaSt algorithm was able to follow the cells moving in the area of the airport with a noticeable
precision (Figure 23). The main structure moved from northwest to southeast, being over the airport
between 16:10-16:30UTC.

7.2 RaNDeVIL results
Figure 24 shows the nowcasting objects obtained with RaNDeVIL for the study case of Venezia. The
Venice – Marco Polo airport is labelled on the first image as VCE (green cross) and the analyzed period
is from 15:45 to 16:55UTC as for the PhaSt algorithm. For this episode, several simultaneous and spatially extended convective storms were developed around the airport. Some storms were stationary,
affecting the same region for a prolonged time. As it is shown on Figure 24, the nowcasted storms have
slightly different shapes than the observed ones as well as they are a sometimes a little shifted towards
the south-east.
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Figure 24: The same as in Figure 14 but for the Venice study case (07/07/2019). Venice – Marco Polo airport is
labelled in the first image as VCE (green cross) and the Venice city as VE (black square).

7.3 WRF results
On 7 July 2019, a heavy thunderstorm affected VCE with moderate precipitation but strong wind gusts
from 15:50 UTC to 16:50 UTC. A total of 8 planes were diverted to other airports during this period.
The simulation with RO data has not been considered for the object-based validation because of the
small number of radio occultation measurements. The results are discussed in the sections below.

7.3.1 Qualitative comparison
The RDR simulation (with radar reflectivity only) forecasts the position and timing of the convective
cell over VCE with a good accuracy (Figure 25a) compared with the observed VIL (Figure 25e),
confirming the positive impact of assimilating radar reflectivity only. With the addition of GNSS-ZTD
the VIL pattern further improves in terms of intensity, in fact higher VIL values affects the airport area
(Figure 25b). On the other hand, the RDR+WS experiment (Figure 25c) with radar and weather stations
reduces the VIL overestimation in the central and western sectors of Po valley but the convective cell
is weaker compared to GNSS+RDR simulation. Finally, the assimilation of lighting data does not
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produce a meaningful benefit for this event, but it induces a southward shift of the whole structure
(Figure 25d) compared to the RDR and RDR+GNSS simulations.
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Figure 25: Maximum VIL (mm) calculated over the interval 15:50 UTC - 16:50 UTC from the simulations RDR
(a), RDR+GNSS (b), RDR+WS (c), RDR+Lig (d) and observed (e).

7.3.2 Object based comparison
The total interest values are extremely high for this event, in fact all experiments simulate the convective system with a good precision. The RDR experiment shows worst performance in terms of centroid
distance with 58.2 km (Figure 26a), although it reaches a high value of total interest. The observed
cluster area, as well as the total interest, decreases when GNSS data are assimilated (Figure 26b). Nevertheless, the centroid distance reduces from 58.2 km to 45.15 km, pointing out the positive impact of
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assimilating ZTD with respect to reflectivity only. Conversely, RDR+WS shows the best performance in
VIL forecasting and a notable overlap between the predict and observed cluster (Figure 26c). Furthermore, the centroid distance decreases up to 19.27 km (best value), confirming the benefit of assimilating in-situ weather stations. Finally, the assimilation of lightning data, shows a high total interest
value again, but a slight overestimation in terms of observed cluster area (Figure 26d). However, the
centroid distance, 33.18 km, is better than RDR (58,2 km), proving the positive impact of lighting data.
The spatial attributes are reported in Table 6.
Experiment

Centroid
distance
[km]

Observed
area [km2]

Forecast
area [km2]

Intersection
area [km2]

Total interest

RDR

58.2

8037.5

6993.75

3718.75

1

RDR+GNSS

45.15

8037.5

5075

3868.75

0.98

RDR+WS

19.27

8037.5

7281.25

5650

1

RDR+Lig

33.18

8037.5

7162.5

4356.25

1

Table 6: Spatial attributes calculated through MODE (10 kg/m2 VIL threshold) to evaluate the performance of
the numerical simulations for the Venice case study.
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Figure 26: Comparison between the observed (blue) and predicted (red) cluster objects identified by using a
VIL threshold of 10 kg/m2 for the simulations: RDR (a), RDR+GNSS (b), RDR+WS (c), RDR+Lig (d).

7.4 Main results
For this event, both PhaSt and RaNDeVIL are able to track the convective cell with noticeable precision
as highlighted in Figure 23 and Figure 24. Moreover, even WRF experiments show good performance
in simulating the convective system. However, the assimilation of radar reflectivity in combination,
respectively, with GNSS and in situ weather stations further improve the VIL pattern in terms of intensity and reduce the overestimation in central and western sectors of Po valley, confirming the positive
impact of data assimilation.
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8 Results for Palermo case
8.1 WRF results
On 15 July 2020, a self-regenerating cell affected the city of Palermo between 13UTC and 16UTC,
causing several floods and considerable damage to infrastructures and vehicles. The weather radar in
the area was off due to malfunctioning, therefore, the radar products are not available and
consequently the object-based comparison was not carried out. However, a qualitative comparison
between the observed and forecast precipitation is performed, with the aim of evaluating the impact
of assimilation. The results are presented in the next section.

8.1.1 Qualitative comparison
The event has specific features that make its accurate forecast particularly difficult: rapid
intensification, very localized impact on the ground both in time and (mainly) in space, and a
morphologically complex area with complex air–sea interactions. The cell affects the urban area of
Palermo for about 3 hours from 13UTC to 16UTC, during which the cumulated precipitation reaches
140 mm (Figure 27e). The simulation including the reflectivity CAPPI, shows only light precipitation
over Palermo with 3 hourly cumulated precipitation less than 30mm and overestimates the rainfall in
the western area of Sicily (Figure 27a). Instead, the assimilation of ZTD data (RDR+GNSS simulation)
decreases this overestimation and improve the precipitation forecast over Palermo (Figure 27b). In
fact, this experiment predicts a convective cell few kilometres south of Palermo but with a lower
intensity. Conversely, the RDR+WS intensifies the convective cell (Figure 27c) compared to RDR+GNSS
but an overestimation affects the western sector of Sicily, where only light rainfall was observed.
Finally, the simulation with lightning data shows the best performance in the positioning and timing of
the convective cell (Figure 27d). Furthermore, despite the overestimation over the mountainous area
and western sectors of Sicily, this experiment also predicts with good accuracy the intensity of the
convective phenomena. The 3h rainfall simulated by RDR+Lig exceed 100mm, a value comparable to
that observed (140mm).

a

b
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Figure 27: Simulated 3-hourly cumulated precipitation (mm) from 13UTC to 16UTC for the RDR (a), RDR+GNSS
(b), RDR_WS (c) and RDR_Lig (d) experiments and observed precipitation in the same interval (e).

8.1.2 Point by point comparison
Due to the malfunctioning of the weather radar over the Sicily and consequently the lack of radar
products such as the VIL, we have performed a point-by-point comparison for this case. Such an
approach consists in comparing the predicted and observed rainfall at the same location. To this
purpose, we considered the 3 hourly observed precipitation from 13UTC to 16UTC, collected by the
Palermo rain-gauge station and the rainfall forecasted by the WRF simulations. The assimilation of
radar reflectivity produces a poor impact for this event and fails to correctly predict the intensity of
the thunderstorm (Figure 27a). Indeed, the forecast precipitation is extremely low, about 16-17mm
(Figure 28a, green line) compared to a peak more than 130mm measured by the rain gauge (Figure
28a, red line). However, the simulation with ZTD measurements (RDR+GNSS) can trigger the
convection over Palermo but it remains weak, only partially improving the precipitation forecast.
Indeed, the cumulated precipitation increase of about 5mm (Figure 28b) compared to RDR, but a
consistent underestimation persists when compared to that observed. On the other hand, the use of
weather stations, RDR+WS experiment intensifies the convective cell, improving the precipitation
forecast compared to RDR and RDR+GNSS. The total amount of precipitation reaches 40mm/3h (Figure
28c) compared to about 20mm of RDR and RDR_GNSS simulations, confirming the benefits of
assimilating weather stations for this case study. Finally, the simulation with lighting data shows the
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best results in terms of both positioning and intensity of the convective cell. The RDR+Lig produces the
greatest cumulated rainfall, about 70mm (Figure 28d), in the interval from 13UTC to 16UTC with
respect to the other numerical simulations, pointing out the added value of lighting data for this event.
a

b

c

d

Figure 28: Precipitation (mm) measured by the rain gauge in Palermo between 13-17UTC. Histograms refer to
5 minutes rainfall (right axis). Red curve shows the observed rainfall (left axis), while green curve the predicted
rainfall for different simulations (left axis): RDR (a), RDR+GNSS (b), RDR+WS (c) and RDR+Lig (d), respectively.

8.2 Main results
PhaSt algorithm was not applied for this event due to the lack of weather radar data. The numerical
experiments, instead, prove the positive impact of assimilating GNSS and lightning data, respectively.
The first, compared to the simulation with radar data only, is able to trigger the convection over
Palermo even if with low intensity, whereas the other shows the best result in terms intensity,
producing about 70mm cumulated rainfall.
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9 SINOPTICA Opportunity: Rapid Update
Cycle nowcasting WRF with reflectivity and
lightning data assimilation
To further improve the performance of data assimilation and consequently the forecast accuracy a
nowcasting approach combining the Rapid Update Cycle (RUC) reflectivity assimilation with the
lightning data assimilation (both techniques presented in Deliverable 7.1) is tested on the Malpensa
use case as opportunity in the SINOPTICA project. This approach allows us to predict the position of
convective cells up to 2h in advance compared to the previous experiments, giving ATM operators
more time to manage the air traffic in case of severe weather.
To pursue this aim, the RUC simulation assimilating the radar reflectivity data at 09 and 12 UTC is
enhanced with the lightning assimilation through the nudging technique (using 15 minutes cumulated
lightning) with the timing described in Figure 29. In this application the simulation is initialized with
the 6 UTC GFS, then lightning data are assimilated during a 3-hours forecast between 06 and 09 UTC
through the nudging technique, the reflectivity data are assimilated at 09 UTC with a 3dvar technique,
then again a 3-hours forecast is produced with the lighting nudging between 09 and 12 UTC, another
3DVAR assimilation of reflectivity data is performed at 12 UTC and, eventually, a final 2-hours lightning
nudging is done between 12 to 14 UTC. A free forecast is produced starting from 14:00 UTC to the
closure of the airport (14:55 UTC) and it will be available around 14:09 UTC.

Figure 29: Nowcasting timing for Malpensa use case.

This setup allows to have an effective data assimilation able to trigger with good accuracy the
convective cell moving towards Malpensa airport and to forecast its spatio-temporal evolution during
the whole hour in which it is approaching to the airport.
Figure 30 shows the time evolution of both observed (blue) and modeled (red) objects retrieved
isolating the convective structures approaching Malpensa airport with a VIL above or equal to 7 kg/m2.
This threshold is slightly lower than the one chosen for the PhaSt objects due to the different grid
spacing of the two models: in fact, PhaSt has a 500m grid spacing, while the WRF model at 2.5km grid
spacing causing a little smoothing of the convective structures.
As it is possible to see from that figure, the convective cell forecasted by the WRF model with such
RUC assimilation suite is able to follow the observed object timing and position with a good agreement,
even if with a slightly wider area of the convective cell. This reproduction of the thunderstorm is
expected to allow a correct management of airplanes trajectories with about one hour in advance
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before the airport closure. This meteorological output will be further tested in D6.2 and D6.3 to see
how it can improve the airplanes trajectory management using the AMAN.
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Figure 30: Tracking of the forecasted (red) and observed (blue) objects, considering a VIL threshold of 7 kg/m2,
from 14:00UTC to 14:55UTC (temporal resolution 5 minutes).
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10 Conclusions
The two nowcasting techniques, PHAST (PHAse- diffusion model for STochastic nowcasting) and
RaNDeVIL, respectively, have been applied to the case studies described in D5.1. PhaSt algorithm was
able to follow the more intense cells (VIL > 10 kg/m2) in all the case studies, as shown by the object
based- analysis and the eye-ball verification. Although it is a rather simple algorithm in terms of
processing complexity, RaNDeVIL has shown promising results in the three analysed study cases with
good capabilities to forecast DVIL areas > 1g/m3 for the nowcasting horizons of this project.
Furthermore, several WRF model experiments are carried out to evaluate the benefit of assimilating
different observational data. The modelling results, evaluated using a qualitative comparison and an
object-based comparison, indicate an improvement of convective cell forecast, in terms of centroid
distance and interest value, when assimilating GNSS or lightning data, compared to radar-only
assimilation. Conversely, assimilation of weather stations data only shows a positive impact for some
events, but it is worth to mention that only temperature data are assimilated. However, the forecast
the exact location of a severe weather event at small spatial and temporal scales is still a challenge.
For this reason, a possible approach would be to have a rapid update of short-range WRF forecast, for
instance every 3 or 6 hours, up to +12h/+18h, in order to have a general overview of the possible
adverse phenomena (SINOPTICA opportunity) that will be able to hit the airports. At the same time,
the outputs, every 10 minutes, of nowcasting algorithm (either PhaSt or RaNDeVIL) that is expected to
give a much more precise warning around selected areas (airports), will be integrate in an arrival
management system (AMAN) to compute 4D trajectories around convective areas and assist air traffic
controllers in implementing the approaches through just in time advisories and dynamic weather
displays, the results of which will be presented in D6.2 and D6.3 activities.
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Appendix A

Methodology

A.1 Radar product
The Italian Civil Protection is responsible for the management of Italian Radar Mosaic and of the
following products used in the framework of the SINOPTICA project:
•
CAPPI [dBZ]- Constant altitude plan position indicator at 2, 3 and 5 km with 10-minute
frequency.
•

VIL [kg/m2] - Vertically integrated liquid, with 5-minute frequency.

Since radar CAPPI products are limited to certain vertical levels only (2000, 3000 and 5000 m), we have
chosen Vertically Integrated Liquid (VIL) radar products as our starting point. This variable provides
volumetric information about the storm in a two-dimensional image. Vertically integrated liquid has
also applications as a severe weather index when analysing an episode [14]. Several studies have
proved its efficiency in predicting hail intensity and tornadoes.

A.1.1 Data treatment
For this analysis different images at different spatial and temporal resolutions are represented using R
CRAN scripting to read radar data files from Italian Civil Protection radar mosaic. Radar products are
stored in GeoTIFF files containing georeferenced information.
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