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Abstract: On 10 July 2019, a giant hail-bearing supercell hit the Adriatic coast of central Italy. Hail-
stones with a maximum diameter of 14 cm were reported in the city of Pescara between 10:00 and
11:00 UTC. In this work, the main synoptic and mesoscale features, responsible for the triggering
and the development of the supercell, are analyzed using the WRF model. The intrusion of Bora
wind over the northern and central Adriatic was relevant for two reasons: on the one side, the arrival
of low-level cold air produced an uplift of the pre-existing warm air and favored the triggering of
convection; on the other side, the strong vertical wind shear, also due to the presence of intense
upper-level southwesterlies, created conditions favorable to the formation of the supercell. The
predictability of the event is also discussed, comparing simulations starting at different initial times
and forced with GFS and IFS forecasts. The model results show that the runs initialized at earlier
times reproduced more accurately the track and the time evolution of the supercell. The HAILCAST
module of WRF was also used to simulate hailstorm characteristics, such as the average hailstone
diameter. WRF-HAILCAST simulations proved to be in fair agreement with the radar reflectivity
retrievals and with local reports.

Keywords: WRF; HAILCAST; severe weather; mediterranean supercell; hail

1. Introduction

Hailstorms represent one of the most challenging systems to simulate with numerical
models. In fact, the skill of numerical models in the simulation of such events suffers from
the limitations in microphysics parameterization schemes, even at high horizontal resolu-
tion; this is mainly due to the limited knowledge of the mechanisms responsible for hail
nucleation and growth inside convective systems, which require further investigation [1-4].
This is also a consequence of the limited availability of hail surface observations at the
ground, which are confined to a few regional networks of hailpads [5] and do not allow a
proper validation and verification of the numerical simulations.
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However, in the last years data from remote sensing platforms can support the detec-
tion of hail-bearing clouds. For example, radar reflectivity retrievals can be used to infer
the hail content in clouds, which is, in general, a good proxy for the estimation of hailfall
at the ground [6], and satellite-based observations of overshooting tops can be used to
infer the updraft strength [7]. Punge et al. [8] assessed the probability of hail in Europe
through the SEVIRI instrument on board the Meteosat Second Generation (MSG) using
the ERA-INTERIM reanalysis, finding a peak of occurrence in northeast Italy. However,
the limited laboratory observations, the uncomplete knowledge of the spectral features of
ice crystals, and the approximations in hail models and parametrizations have limited the
progress in the field [3].

The importance of the study of intense hailstorms is enhanced also considering that
the climate projections indicate a global intensification of such extreme events [9,10].
Punge et al. [11] gave a general perspective about the future occurrence of hail in Europe,
identifying the Mediterranean basin as one of the main hotspots. The Italian peninsula, due
to its complex morphology, is prone to supercell formation, which sometimes is responsi-
ble for hailfall [12]. In fact, the presence of mountains and of coastlines favors low-level
horizontal wind shear, a necessary ingredient for supercell development [13]; also, the
warm Mediterranean Sea is a source of energy and moisture that may feed the storm
development [14].

The Adriatic basin, especially on its northern side, is strongly affected by hailstorms;
in fact, the Apennines, the Dinaric Alps, and the Alps form a natural corridor confined
between the Italian peninsula and the Balkans, where southeasterlies (Sirocco) travel nearly
undisturbed over the sea, bringing warm and moist air to the northern Adriatic basin,
where they may meet cold northeasterlies (Bora), thus favoring windshear and strong
instability conditions [12,15,16]. The supercell developed on 10 July 2019 along the Italian
Adriatic coast, which is the subject of the present study, represents an event of this kind,
with considerable hailstone sizes up to 14 cm at the surface [17].

The central Adriatic regions of Italy are characterized by complex orography: moving
from the coast across the region, the elevation grows from sea level to nearly 3000 m in less
than 150 km. The main synoptic pattern favorable to heavy rainfall is characterized by the
presence of a cut-off low over the Tyrrhenian Sea: the latter is responsible for a cyclonic
circulation over the central Mediterranean; hence, an intense bora flow is generated over
the Adriatic Sea, whose interaction with the Apennines produces intense rainfall [18].

Unfortunately, the conditions responsible for the development of hailstorms in the
Adriatic areas are still uncertain and need a deeper investigation from an integrated
observational-numerical perspective. To our knowledge, there is not a single study dealing
with these storms in the central part of the basin. Manzato et al. [19] investigated an intense
case affecting the Friuli-Venezia Giulia region in the northern Adriatic, but the triggering
of convergence was mainly due to the convergence between the southerly flow and cold
pools generated by earlier convective activity originated over the Alps. Therefore, the
environmental conditions appear quite different from those analyzed here.

In the present work, the synoptic and mesoscale conditions in which the supercell
developed are analyzed; the study is carried out by means of numerical simulations
performed with the WRF model [20]. Hail is modeled using the HAILCAST module, which
simulates the formation and the growth of five original embryos and calculates the final
average dimensions of the hailstones reaching the ground [21-23]. The work is organized as
follows. Section 2 presents a brief description of the synoptic scenario; Section 3 describes
the model setup; Section 4 is devoted to the analysis of the dynamics of the supercell, taking
into account the “best” configuration of the model; Section 5 includes a final discussion
and conclusions.

2. Synoptic Description and Observations

Between 6 and 11 July 2019, a severe weather outbreak developed across the north-
ern and central Mediterranean basin spreading into the Alpine region and the Balkans
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(European Severe Weather Database; [24]). It was associated with a trough extending
from Eastern Europe to the central Mediterranean: Figure 1 shows the analysis of 850 hPa
temperature and 500 hPa geopotential height at 06:00 UTC, 10 July 2019, provided by the
National Centers for Environmental Prediction (NCEP). The low-level cold air extends
from the pressure low in Eastern Europe toward the western Mediterranean, thus affecting
the northern and central part of the Adriatic Sea, while warmer air masses extend from
the southern Mediterranean toward the southern Adriatic Sea. The match of these two
air masses and their interaction with the surrounding complex orography favored the
generation of several storm features (a supercell and some intense squall lines) along the
eastern Italian coast, from the morning to the late afternoon [17].

GFS analysis; 0600UTC—-10UL2019
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Figure 1. NCEP analysis of the temperature at 850 hPa and the geopotential height at 500 hPa at
06:00 UTC, 10 July 2019.

The radar data report the intense convective activity occurring already in the early
morning (Figure 2). Intense thunderstorms, leading to heavy precipitation and hail, formed
in the northern Adriatic coast of Italy, while several waterspouts were reported along the
coast. The supercell started to develop on the morning of July 10, 2019. The system hit the
surroundings of Pescara (red triangle in Figure 1) between 10:00 UTC and 11:00 UTC, with
a distinct overshooting top, as analyzed in [17]. The supercell continued its south-eastern
track along the coast until the Apulia region; then, it reached Albania and Greece in the
afternoon. Montopoli et al. [17] estimated the dimension of the hailstones through an
analysis of the radar reflectivity and dual-polarization radar variables. Based on state-
of-the-art radar inversion models, the hailstone size was estimated in the range of 4 cm
and 14 cm, depending on the inversion method they used. Hence, the radar inversion
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methods were able to detect large hail sizes only marginally, since the measurements of the
hailstones collected at Pescara were up to 14 cm in diameter.

Start: 10-07-2019

08:00 UTC

Strikes: 1061

Strikes time [UTCI

08:00

08:30

Figure 2. Composite radar VMI at 10:00 (a), 10:30 (b), and 10:55 UTC (c), 10 July 2019. The images are
retrieved from the Italian Radar Network data.

Figure 2 shows the vertical maximum intensity (VMI) from the radar composite of the
Italian National Radar Network in use to the Civil Protection of Italy. For each point, the
VM, reporting the columnar maximum in the radar reflectivity, shows a strong signal (up
to 65 dBZ) crossing the coast around Pescara from north to south. The VMI images also
capture an intense convective system offshore moving southeastward.

Figure 3 shows the lightning strokes sensed every 30 min between 08:00 and 10:00
UTC (a), and from 10:00 to 12:00 UTC (b). The images indicate the intense lightning activity
along the Adriatic coast of Abruzzo, where the density of strokes appears very intense,
but also across the Apennines and offshore, as shown from some intense convective cells
in Figure 2.

10-07-2019 Start: 10-07-2019 5 Engl:. 10-07-2019
- 30:00 UTC 10:00 UTC > - ol W2:00 UTC
Strikes: 22533 _ - . \

V Wrpr: Strikes time [uTcl # T

09:00 09:30 “*30:0010:00 10:30 11:00 11:30 39700
I [

O R

Figure 3. Lightning strokes on 10 July 2019: (a) lightning strokes between 08:00 and 10:00 UTC, (b) strokes
between 10:00 and 12:00 UTC. Images are built from blitzortung network data (https://www.blitzortung.
org accessed on 20 January 2022). In the map the codes RM, AQ, and PE correspond to Rome,
L’Aquila, and Pescara, respectively.

3. Numerical Experiment and Set Up

The meteorological model WRF-ARW version 4.0 [20] is used to simulate the synoptic
and mesoscale environment in which the hailstorm developed. The WRF-HAILCAST
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module is also implemented to simulate the growth and the development of hailstones [23].
In the case the model triggers convection and the vertical wind component overcomes
the threshold of 10 m s~!, the module activates five hail-originating embryos; then, the
WRF model dynamics determine the time evolution inside the convective clouds. HAIL-
CAST provides output fields relative to the hailstorm, such as the hailstone mean and
maximum diameter, and the hailstone fall speed. A full description of WRF-HAILCAST is
provided in [23].

Numerical simulations of the WRF-HAILCAST model are implemented over three
one-way nested domains (Figure 4), with grid spacings of 16 km (d01), 4 km (d02), and
1 km (d03), and with 150 x 120, 217 x 161, 321 x 261 grid points, respectively; 41 vertical
hybrid levels are used in each grid.

5°E 10°E 15°E 20°E
Figure 4. The three nested domains d01, d02, and d03, set for the WRF-HAILCAST simulations.

The model setup is chosen following the sensitivity experiments in [19] for a severe
hailstorm over northeast Italy. The following parameterization schemes are used: the
WSM6 microphysics scheme [25], the RRTM longwave [26] and shortwave [27] radiation,
the unified Noah land-surface model [28], and the YSU boundary layer [29]. The Kain-
Fritsch cumulus scheme [30] is active in the two outer domains, while convection is resolved
explicitly in the inner grid. The HAILCAST module was only applied to the inner domain,
too. Recently, Maleci¢ et al. [31] performed a thorough sensitivity study of microphysics
and boundary layer schemes for some hail events in Croatia, showing a general agreement
with the results in [19].

In the present study, four different model runs have been performed to assess the
sensitivity of the model simulations to different global model analyses/forecasts, used as
initial conditions (IC) and boundary conditions (BC). The simulations are named as:

e  GFS09: run initialized at 00:00 UTC, 9 July 2019, forced with the GFS analyses/forecasts;
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IFS09: run initialized at 00:00 UTC, 9 July 2019, forced with the IFS analyses /forecasts;
GFS10: run initialized at 00:00 UTC, 10 July 2019, forced with the GFS analyses/forecasts;
IFS10: run initialized at 00:00 UTC, 10 July 2019, forced with the IFS analyses forecasts.

All simulations end at 15:00 UTC, 10 July 2019. The IC and the BC fields necessary to
initialize and update the model runs are provided by the global models:

e  GFS (Global Forecast System), run operatively at the NCEP at the resolution of 0.25°,
provided at 34 pressure levels;

e [IFS (Integrated Forecasting System), run operatively at the ECMWF (https://www.
ecmwf.int) at the resolution of 0.125° for the present runs 26 standard pressure levels
are extracted to force the WRF model.

For each run, the boundary conditions (GFS and IFS) are updated every 3 h.

4. Results and Discussion
4.1. Comparison with the Observations

To assess the ability of the model to simulate the model evolution using different initial
and boundary conditions, the modeled VMIs in Figure 5 are compared with the retrieved
VMIs in Figure 2. The field is produced at different output times (every 30 min from 08:00
to 11:00 UTC, 10 July 2019; different colors refer to different times, the color tone refers to
the VMI value).

a) GFS09 VMI (dbz) b) GFS10 VMI (dbz)
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Figure 5. Simulated VMI (dBZ) at 7 instants from 08:00 until 11:00 UTC, 10 July 2019, according to:
GFS09 (a), GFS10 (b), IFS09 (c), and IFS10 (d). In order to avoid superimposition between VMIs and
to allow readability, the VMI values below 40 dBz are cut off.

The GFS09 run (Figure 5a) correctly reproduces the development of the convective
system along the coast of Abruzzo and it is also in fair agreement with the convective
system located offshore. In particular, for the main system along the coast, the frames at
10:00 and 10:30 UTC (in purple and orange, respectively) are in striking agreement with the
observations in Figures 2 and 3, and with [17], showing that the system crosses the city of
Pescara (the triangle in the Figure) at the right time. However, a weak misplacement can be
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observed, as the convective system appears inland for most of its extent, and not offshore
as in the observations.

The GFS10 run (Figure 5b) produces a general eastward shift of the main convective
system, which is now entirely located offshore, and anticipates its time evolution; moreover,
the offshore convective system appears weaker and propagates eastward instead of south-
eastward. The IFS09 run (Figure 5c) also reproduces both a coastal and an offshore system;
however, the modeled VMI along the coast shows a time lag, as the model anticipates the
transit of the convective system over Pescara by about 30 min, and its location is shifted
even more inland; on the contrary, the offshore system is shifted to the south-east with
respect to the observations. Lastly, the IFS10 run (Figure 5d) strongly amplifies the intensity
of the offshore system to the detriment of the main system, which has strongly weakened.

Figure 6 shows a comparison between some parameters representing convection at
high altitude for the GFS09 run and the cloud top height based on the retrievals of the
sensor SEVIRI on board of the Eumetsat geostationary platform MSG. Figure 6a shows
the cloud top height product (MSGCLTH, available at https://www.eumetsat.int/) at
10:00 UTC. The cloud top height exceeds 14 km west of Pescara with maxima reaching
14.5 km. Figure 6b and 6c show the vertical wind component w (upward positive) and
the ice content Qjcg at 200 hPa, about 12 km. The strength of the convection at such a
pressure level is characterized by a maximum vertical velocity reaching 30 ms~! (Figure 6b)
corresponding to a content of ice cloud exceeding 0.18 gkg~! (Figure 6¢). Significant values
of the model vertical velocity w and the cloud ice content Qjcg extend also above 150 hPa
(about 14 km) confirming the presence of deep convection breaking through the tropopause.
Hence, the GFS09 run appears in good agreement with the strong convection retrieved by
SEVIRI/MSG regarding both the height and the position.

b) c)
GFS09 Vert. Wind @200hPA (ms™); 1000UTC-10UL2019 GFS09 Qe @200hPA (gkg™); 1000UTC-10UL2019

16 \‘\ \‘\J

43.6N 1 43.6N 1

432N 432N 010

428N 18 428N

Altitude asl. (km)

424N 424N

13.6F 14E 14.4E 14.8E 15.2E 15.6E 13.6E 14E 14.4E 14.8E 15.2E 15.6E

Figure 6. Cloud top height product retrieved by SEVIRI/MSG (MSGCLTH) (a), GFS09 vertical wind
component w (b), and Qycg (c) at 10:00 UTC 10 July 2019. The red triangle indicates the city of Pescara.

Figure 7 shows the strong sensitivity of the model to the IC: the GFS09 run produces a
different location of the cold front, that appears more consistent with the temporal evolution
of the hailfall in the observations. Thus, this preliminary analysis identifies the GFS09 run
as the best in the simulation of the convective systems developed on the morning of 10 July
2019. Hence, unless specified, the GFS09 run will be analyzed in the rest of this work.

4.2. Development of the Supercell

In this section, the mechanisms responsible for the triggering of the supercell are
investigated using the GFS09 run. Figure 8 shows the structure of the wind field modeled
in the domain d02 (approximately covering the Adriatic Sea) at four different pressure
levels at 08:00 UTC, 10 July 2019, i.e., at an early stage of the convective system lifetime.
Intense northeasterlies (Bora) blow over the northern and central Adriatic in the low levels
(1000 hPa; Figure 8a). At 850 hPa (Figure 8b), the Bora is confined to the northern Adriatic
and the intensity is much weaker than near the ground, whereas in the central Adriatic
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the wind is weaker than 6 m/s and without a prevailing direction. The situation changes
dramatically at 700 hPa (Figure 8c): whereas the wind in the northern Adriatic rotates from
northwesterly to northeasterly, and its intensity remains weak, in the central Adriatic the
wind shows a strong horizontal gradient, as a consequence of the intense southwesterly
flow (35 m/s) crossing the southern Adriatic. The horizontal wind shear is even more
apparent at 300 hPa (Figure 8d), where a jet stream of about 40 m/s crosses the southern
Adriatic and the Apennines. The city of Pescara appears located near the left exit of the
southern branch of the jet stream axis, thus in an area favorable to ascending motion and
development of convection. At the same time, the wind pattern at different levels indicates
the presence of strong wind shear over the area, thus indicating conditions favorable to
supercell development.

a) GFS09 T(C)@850hPa; 0900UTC-10UL2019

b) GFS10 T(C)@850hPa; 0900UTC-1QUL2019
] 2 = =

144E  148E  15.2E  10.6E

136E 14 144E  14BE  15.2F X 144E  148E  15.2E  15.6E

Figure 7. Temperature at 850 hPa at 09:00 UTC, 10 July 2019, according to: GFS09 (a), GFS10 (b),
IFS09 (c), and IFS10 (d).
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UTC-10UL2019 b) GFS09 Wind @850hPA (ms™); 0800UTC-10UL2019
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@ ¢ 2 2

428N
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i

C) GFS09 Wind @700hPA (ms™); 0800UTC—-10UL2019

Figure 8. Run GFS09 at 08:00 UTC, 10 July 2019. Wind at 1000 hPa (a), 850 hPa (b), 700 hPa (c),
and 300 hPa (d).

Figure 9 shows the wind vectors and potential temperature ® at 950 hPa (top) and
800 hPa (bottom), modeled in the domain d03, together with the updraft helicity UH. UH
identifies the presence of helicoidal vertical motion within the cell, since it is defined as:

UH = / 2 widz; (1)
71

where w is the vertical wind component and ( is the vertical component of the vortic-
ity, whereas z; = 2 km and z; = 5 km are the extremes of integration. High values of
helicity (generally, around 150 m?/s? or more) indicate the development of mid-level
rotation (i.e., mesocyclones). Figure 8 show a zoom on the coast around Pescara in order to
enhance readability.
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Figure 9. Run GFS09 at 08:00 UTC, 10 July 2019. ® and wind vectors at 950 hPa at 09:00 (a), 10:00 (b),
and 11:00 UTC (c); ® and wind vectors at 800 hPa at 09:00 (d), 10:00 (e), and 11:00 UTC (f). In the
maps, the contour lines near the convective system represent UH: contours in black, red, purple, and
yellow correspond to 50, 250, 500, and 1000 m 2 s~2, respectively. The red triangle indicates the city
of Pescara.

The time evolution shows that at 09:00 UTC some isolated maxima of UH (greater than
250 m s~2) are observed near the coastline (Figure 9a) and one offshore, corresponding to the
VMI peaks in Figure 5; both are located at the southern border of the cold air advected from
the east. Hence, one may speculate that the cold air arriving in the low-level causes an uplift
of the preexisting air, triggering vertical motion. The map at 800 hPa (Figure 9d) shows
that counterclockwise rotation can be easily identified around the maxima of UH located
closer to the Adriatic coast, thus indicating the presence of a mesocyclonic circulation. At
10:00 UTC (Figure 9b), the UH maxima intensify (greater than 1000 m s~2) as they move
southward along the coast, whereas a strong northwesterly wind component can be clearly
identified at 800 hPa (Figure 9¢). The pattern of UH assumes a linear shape, indicating that
the presence of a very strong rear-inflow jet deforms the leading active line of convection
into a bow-shaped arrangement (see also Figure 9 in [17]). This behavior generally occurs
in the presence of high CAPE and high shear environments, such as in the present case
study, as they favor deep lifting and rotation along the border of a strong cold pool. A
clear anticlockwise rotation, associated with the mesocyclonic circulation, can be identified
especially at the northern end of the line (Figure 9e). Lastly, at 11:00 UTC (Figure 9c), the
line loses its coherence, splitting in some UH maxima still located at the southern border of
the cold air. Also, the mesocyclonic circulation is no longer apparent (Figure 9f) and the
system enters the last phase of its lifetime (comma echo in the Fujita conceptual model [32]).

The values of convective available potential energy (CAPE) are represented in Figure 10
at 10:00 UTC. At that moment, the convective system approaches Pescara from the north-
west (cfr. with Figure 9b). Whereas the air behind the system is characterized by a low
CAPE (less than 500 ] kg 1), extreme instability can be identified ahead (CAPE greater than
3000 ] kg~1). Hence, the incoming cold pool has the effect of lifting the unstable airmass up
to the level of free convection, overcoming the weak inhibition (not shown), and releasing
the instability.
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Figure 10. Run GFS09. CAPE at 10:00 UTC, 10 July 2019.

A synthetic sounding and a hodograph extracted from the GFS09 run at the grid point
closest to the city of Pescara display the modeled vertical structure at 09:00 UTC (Figure 11).
The small inversion at about 900 hPa appears to play a fundamental role in preventing the
initial release of the very-high potential instability (CAPE higher than 3000 J kg~ !). In less
than one hour (not shown), the arrival of northerly winds (Figure 9) cools the boundary
layer, so that the inhibition is reduced, and convection can be easily triggered by the uplift
induced by the cold air boundary. Moreover, a strong directional shear is apparent in the
low levels.
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Figure 11. Run GFS09. Skew-T and hodograph at the grid point closest to Pescara at 09:00 UTC,
10 July 2019.

Figure 12 displays the mean hailstone diameter produced by the WRF-HAILCAST
model for each configuration. The geographical distributions of the hail produced by the
four model realizations correspond to the VMI described in Figure 5 for the convective
cloud systems. In Figure 12a, the GFS09 model simulation shows a localized peak greater
than 13 cm (16 cm) near Pescara at 10:30 UTC, in excellent agreement with the observations.
Although the sensitivity to the initial conditions is significant in terms of position and timing
of the cell, the results of the present paper provide a clear indication of the skill of the model
in simulating hailstorms, at least when appropriate large-scale forcings are provided.

Remarkably, all four runs simulated hailfall in or near the correct location at the right
timing, although with a different intensity, horizontal extent, and timing. With such a set of
simulations available in real time, a meteorological office in charge of the weather forecasts
in the region would have been able to issue a warning for hailfall in the coast near Pescara,
also providing an accurate timing for the occurrence of the event.
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Figure 12. Mean hail diameter simulated every 30 min from 08:00 until 11:00 UTC, 10 July 2019,
according to GFS09 (a), GFS10 (b), IFS09 (c), and IFS10 (d).

5. Conclusions

The present study analyzed the hailstorm that hit the city of Pescara (central Adriatic
coast of Italy) between 10:00 and 11:00 UTC, 10 July 2019. The hail was generated by a
supercell that originated in the northern Adriatic Sea; the diameter of the hailstones reached
14 cm. The triggering of the supercell was associated with the arrival of the low-level cold
Bora wind coming from the Dinaric Alps as it reached the central Adriatic coast. The cold
air generated a strong vertical wind shear, mainly concentrated in the low level, which
favored mesocyclonic rotation; also, it removed the convective inhibition, associated with a
small thermal inversion a few hundred meters above the ground, and lifted the preexistent
unstable warm air up to (and above) the tropopause.

The analysis of the event was performed through four numerical simulations per-
formed with the meteorological WRF model, including the HAILCAST module for the
simulation of hailstones. The runs started at different initial times and were forced with
different large-scale forcings. The model realization forced with GFS and initialized at
00:00 UTC, 9 July 2019 (GFS09) reproduced the supercell in better agreement with the ob-
servations. However, all simulations were able to capture the supercell dynamics, although
with a slight temporal and spatial shift. Moreover, the mean dimension of the hailstones
simulated by HAILCAST was in good agreement with the observations.

The present study underlines the importance of a dedicated module, such as HAIL-
CAST, and of accurate initial conditions for the proper simulation of hailstorms. A better
description of such events may have an important impact on real-time forecasting, aimed
at civil protection purposes, and may be of strong relevance for insurance companies, also
from a climate change perspective.
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